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Abstract
Although diamond is slowly becoming an advanced technology there is con-
tradictory information and misunderstanding surrounding the fundamental
electronic attributes of the material system. In particular, the properties of
boron doped diamond for electronics on quantum length scales has yet to
be fully understood or utilized within devices.
In this thesis, new insight into the electronic band structure of boron doped
diamond on nano and macro scales is found and novel planar boron doped
nanowires are fabricated electronically probed and a new type of side gated
diamond nanowire transistor conceived.
High quality single crystal diamond with thin δ-shaped boron-doped epi-
layers have been thought to offer a viable approach towards transistors that
can operate at high speed, high power and high temperatures. δ-doping
diamond has been conjectured to achieve high mobilities and carrier con-
centrations, properties of real interest for electronic applications. Taking
advantage of diamond’s thermal and electronic properties, thin films can
be incorporated into realistic nanoscale devices more easily than the parent
bulk system. Using angle-resolved-photoemission spectroscopy (ARPES),
the electronic structure of bulk and thin films (≈ 2 nm) of boron-doped di-
amond are uncovered. Surprisingly, the ARPES measurements do not reveal
any significant differences for these systems, irrespective of their physical
dimensionality. This suggests that it is possible to grow nearly atomic-scale
structures whilst still preserving the properties of bulk diamond, facilitating
the use of thin films diamond for devices which necessitate nearly atomic-
scale components.
Using a range of techniques such as Secondorary Ion Mass, Angle Resolved
Photo-emission and Raman Spectroscopy we compare thin boron doped
delta layers (BDDδl) and effectively infinite, thick bulk Boron doped di-
amond. We see remarkably little electronic difference and hints of low
dimensional transport in both films. Using photo-lithography and Reactive
Ion Etching processes, macro scale devices are fabricated, these are charac-
terized using Hall effect techniques. For the first time, lateral boron doped
diamond nanowires are defined using electron beam lithography. These
nanowires are then processed into a variety of novel transistor like devices,
showing exciting emergent quantum properties as well as classical transistor
like behaviour.
In developing the techniques and methods to fabricate structures in diamond
we find a variety of processes require optimisation and develop a skill base
to handle small and sometimes fragile substrates and process them into
devices.
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1Introduction
Diamond is a remarkable material. However, its many remarkable qualities are nearly
all double edged swords, the material is difficult to produce and challenging to process.
That said, in the years since synthetic diamond was first proven significant progress has
been made. It is now possible to buy high quality diamond and the know how exists to
introduce a range of impurities and to harness the extensive opportunities the diamond
material system offers.
Chapters 1-3 set the historical and technical background to this thesis, describing
the underlying chemistry and physics as well as the experimental techniques used in
the results chapters.
Chapter 4 descries the growth of a thick heavily boron dope single crystal diamond
film and initial characterisation to prove that it is in fact high quality single crystal dia-
mond. Raman spectroscopy is used as an indicator of the bulk diamond quality as well
as to indicate the presence of considerable boron impurities. Secondary-ion mass spec-
trometry (SIMS) is then used to confirm the doping concentration and film thickness.
Alternating current magnetic susceptibility (ACMS) at cryogenic temperature is then
used to show a phase transition to a superconducting state. This thick heavily-doped
film is then compared to a delta-doped film.
Chapter 5 concerns Angle Resolved Photo-emission. This is a surface science tech-
nique capable of giving considerable information about the electronic structure of a
material. In chapter 5 extensive synchrotron-based x-ray experiments are presented,
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combining data taken at 4 different synchrotrons over 5 different beam times. It is
shown that boron doped diamond maintains bulk-like electronic properties even when
the doping distribution (1020B/cm3 peak doping level) is reduced to a few nanometres
full width half maximum (FWHM). Experimentally measured electronic band struc-
tures of unprecedented resolution across a wide incident photon energy range are pre-
sented.
Chapter 6 contains macroscopic transport measurements on delta-doped diamond
from my PhD sponsors and compares these to results from an alternative grower and
to so called intrinsic substrates. These results suggest that multiple conduction paths
may convolute the results and that the Hall mobility may not be a good indicator for
device performance.
Chapter 7 demonstrates that Ohmic nanowires can be patterned using Electron
Beam Lithography. Wires with dimensions of 15-20 nm wide and due to the delta dop-
ing profile of the substrate (itself a unique material), 1-2 nm thick can be reproducibly




2.1 Making Diamond. From Meteors to Methane
The material we call diamond was named by the ancient Greeks αδα´µζ(Ada´mas) mean-
ing something along the lines of "unbreakable" (see capt Adama BSG). Beyond its lustre
as a shiny harbinger of doom diamond is a well studied material system consisting of
SP 3 bonded carbon arranged in a tetrahedral lattice, it has two basis atoms in a unit
cell.
Figure 2.1: Diamond and graphite are two of the many ways carbon can organise itself
taken from ref[1]
Natural diamond such as the material found in the famous Kimberlite and Lam-
porite pipes is thought to have been made near the Earth’s mantle some 150km below
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the Earth’s surface. At this depth the temperature and pressure are high enough for
the metastable state of carbon we call diamond to form (see Fig. 2.2). In this scenario
the diamond crystals are then pushed up to the surface or near surface by a geological
event such as a volcanic eruption. Diamond can also be formed from events where
instantaneous, high pressures and temperatures are seen such as meteor strikes which
can produce impact diamonds.
Figure 2.2: Phase diagram and potential growth mechanisms for diamond and graphite.
Taken from [2]
This is not a satisfactory state of affairs if the material system’s potential is to be
harnessed by modern science. Its a tad slow, and the defects that give fancy diamonds
their colour are unpredictably included in varying levels. It is these dopants/impurities
that we must harness and understand if we are to take advantage of diamond as an
electronic material. Clearly, to make electronic, technologically useful diamond material
we must look to other methods of diamond production then volcanoes or meteors.
Diamond has a wide band gap and when there are low levels of impurities, is essen-
tially an electrical insulator with spectacular physical properties: it is one of the hardest
materials existing in nature, it has one of the highest thermal conductivities among the
elements of the periodic table, a very high tolerance to application of strong electric
fields and, contrary to standard semiconductors, it is robust against radiation damage,
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a property which makes it suitable for use in hostile radiation environments [23, 24].
Altogether, these properties make diamond an appealing candidate for electronic ap-
plications, especially when acceptor species such as boron atoms are introduced into
the system, adding ‘metallicity’ to the aforementioned properties.
2.2 An Introduction to Diamond Growth in the Labora-
tory
As seen in Fig. 2.2 there are several ways to be in the right part of the phase diagram
to form diamond. Initial work on synthesising diamond was done under something
of a cloak of secrecy due to the cold war, so exactly when things happened is hard
to say. Independently, scientists in the Soviet Union and the west developed different
technologies to grow diamond (anecdotally, the Soviets developed their detonation nano
diamond in at least three independent labs that had no knowledge of one another).
The General Electric Company (GEC) were the first to sell commercial HPHT (High
preasure High Temperature) synthetic diamond in 1956. Two years earlier they had
filed a patent for CVD (Chemical Vapour Deposition) of diamond [25]. The Russian
approach during the late 50s and early 60s was somewhat different: they developed
a process and material that we call Detonation Nano-Diamond (labelled shock-wave
synthesis in Fig. 2.2).
2.2.1 High Pressure High Temperature, HPHT Single Crystal Dia-
mond Substrate Growth
HPHT diamond substrates of both typeIIa and typeIa/b (with nitrogen impurity levels
lower the 0.3%, and higher nitrogen impurity levels respectively) have in the last few
years become easier to access and have improved significantly in key areas such as
quality (in terms of growth zones and defect density), reproducibility and price. There
are now commercial growers in Europe, America and Asia. HPHT material is mostly
grown from seed material (diamond grit) in a carbon rich environment with a metal
catalyst. The chamber is heated to above 2500K, melting the solvent. This is done at
pressures in the GPa range. The carbon from the carbon source can now be transported
to the diamond seed where it can, at the correct pressure and temperature form large
diamond crystals [26]. For our purposes these rough diamonds are then laser cut and
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polished by CMP (chemical mechanical polishing) until a high degree of smoothness is
achieved.
2.2.2 Detonation Nano-Diamond and other diamond nano-particles
By detonating a mix of RDX and TNT in an oxygen-poor detonation chamber the
atmosphere will, for a fraction of a second be in the right place in the carbon phase
diagram to form Detonation Nano-Diamonds DNDs. These DNDs will be covered in
graphitic carbon and other impurities. To remove these a series of aggressive physical
and chemical cleaning steps are used to refine the residue down to 5-10nm diamond
nanoparticles. These nanoparticles can then be used as seed material for homo-epitaxial
growth of diamond on non-diamond substrates.
2.2.3 Microwave Enhanced Chemical Vapour Deposition, MEPCVD
High Purity Single and Polycrystalline growth
Figure 2.3: 1.5kW diamond growth system bult by SEKI Diamond Systoms and standard
model for diamond growth proposed by James Butler among others taken from [3]
By creating a hydrogen plasma with a microwave generator it is possible to cheat
nature and grow diamond in a metastable quasi-epitaxial manner. Most work is homo-
growth although there is a small but important effort to work on heteroepitaxial
growth[3]. It has been postulated that the polishing process actually does a lot of
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damage to the crystal lattice in the first 10µm or so. Several groups are working on
pre-CVD growth treatments to help with this[22].
2.3 Diamond as an Electronic Material
2.3.1 What are electronic bands
A crystalline material is made up of a periodic lattice of atoms. It is well known that
in a single atom the electrons can only have discrete quantised energy levels and that
when a number of atoms come together to form a crystal some of the electrons are
tightly bound to the atoms. These electrons remain localised and their energy levels
near constant, these energy levels are called the valence band. The valence electrons
are usually integral to bonding. The electrons do not, however, have to stay localised.
If they are given energy they can probabilistically move between nearby atoms causing
electronic conduction. The allowed energy levels form bands and the amount of energy
required to promote an electron from the valence band to the conduction band is called
the band gap. In metals the Fermi-level crosses the valance band and there are free
electrons able to move and carry charge across a potential difference.
In semiconductors the gap between the valence and conduction bands is small
enough that thermal or electromagnetic excitations can promote a carrier from the
valance to the conduction band. By introducing dopants that either have an excess of
holes or electrons the band gap can be engineered, creating donor states which are mid
gap and can be more easily accessed from either the conduction or valence bands (n
and p-type respectively). A p-type semiconductor has an excess of holes, these holes
usually come from a trivalent impurity such as boron or gallium.
The Fermi level sometimes referred to as electron chemical potential, EF is the
highest available electron energy level at absolute zero. The position of the Fermi level
with the relation to the conduction band is a crucial factor in determining electrical
properties. For an intrinsic crystalline material EF should sit mid gap, for an n-type
material it will be closer to the conduction band whereas for a p-type material the
Fermi level will be closer to the valance band.
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2.3.2 All about the Surface. Band Bending in Diamond
The band structure at or near the surface of diamond is very sensitive to the surface
chemistry. This allows considerable scope for band gap engineering. It also means that
care and consideration must be taken during any processing as it may fundamentally
alter the physics at the surface (see Fig. 2.42.62.52.6 2.7).
At the start of the semiconductor revolution Schottky and Mott described the rec-
tifying effect observed in metal-semiconductor interfaces using a band bending concept
[27] [28]. When a metal is put into contact with a semiconductor, charge transfer will
occur. Fig.2.4 shows idealised schematics for energy bands between an n-type semi
conductor and a metal. If the work function of the metal φm is larger then the work
function of the semiconductor φs, φm > φs electrons will be drawn from the semicon-
ductor to the metal until the Fermi levels for each material align.
When in contact and at equilibrium, a Helmholtz double layer is formed at the
metal/semiconductor interface, where, due to electrostatic induction the metal has an
excess of electrons and negative charge while the semiconductor is positively charged
near the interface. As there are relatively few free carriers in a semiconductor this
induced charge can not be compensated or screened and the a so called space charge
region is formed.
In the n-type semiconductor, when φm > φs, the electrons are depleted in the space
charge region, and this region is therefore called the depletion layer and is characterized
by excess positive charge. When φm < φs, as shown in the right side of Fig.2.7, the
electrons are accumulated in the space charge region due to the electron transfer from
the metal to the semiconductor, and this region is called the accumulation layer. In
general, when the Fermi level of the metal is below that of the semiconductor, charge will
flow to the metal causing the semiconductor Fermi level to decrease, and vice versa[4].
The continuous shift in the bands due to charge transfer is called band bending.
So, when φm > φs in an n-type semiconductor, a potential barrier is formed at the
metal−semiconductor interface, this is called the Schottky barrier (φSB),
φSB = φm − χs (2.1)
where χs =electron affinity of the semiconductor. When φm < φs, in an n-type
semiconductor, there is no Schottky barrier and the metal−semiconductor contact is
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ohmic.
Figure 2.4: Energy band diagrams of metal and n-type semiconductor contacts. Evac,
vacuum energy; Ec, energy of conduction band minimum; Ev, energy of valence band
maximum; φm, metal work function; φs, semiconductor work function; χs =electron affinity
of the semiconducto; Ef,s, Fermi level of semiconductor; φsb, is the Schottky Barrier height,
VBB , valence band barrier height. Taken from [4].
Fig.2.5 shows how a similar band bending effect can be caused by a nearby electric
field. For simplicity this diagram assumes that the work functions of the electrode
and the semiconductor are the same. The electric field is created by putting a voltage
between the semiconductor and electrode. Due to the lack of free charges in the semi-
conductor the field can penetrate beyond the surface of the semiconductor, modulating
the electronic properties of the channel. This is the fundamental effect utilised to make
a transistor. Even without an external electric field the surface states caused by the
reconstruction of a truncated crystal can cause band bending as described in Fig.2.6.
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Figure 2.5: Schematic diagram of a field-effect experiment for an n-type semiconductor
with no surface states. Adapted from Bardeens Nobel lecture [5] and [4].
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Figure 2.6: Schematic electron energy levels near the surface of a clean semiconductor:
(a) undoped (intrinsic) semiconductor; (b) disequilibrium and (c) equilibrium between n-
type bulk and its surface; (d) disequilibrium and (e) equilibrium between p-type bulk and
its surface. There are different methods for solving the Schrodinger equation at surface
to theoretcally deifing the electronic band structure, these are beyond the scope of this
work.Taken from [4].
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Figure 2.7: The band structure of diamond is very sensitive to the surface chemistry.
Here we see how different moieties affect the bands and resultant - electron affinity. The
relative elecronegativity of the surface molecule to carbon is proportional to this shift.
Taken from [6].
2.3.2.1 Hydrogen Surface Conductivity
It was observed that when the diamond surface is covered with a majority of hydrogen
moieties and an adsorbate such as water the system will show a high surface conductiv-
ity. The adsorbate is essentila for the charge transfer to occur. After much discussion
the consensus has settled on a surface model which relies on the band bending possible
in diamond as well as charge transfer of electrons from the diamond into the absorbate
forming a 2D hole gas [29]. Although this is a very interetsing effect it has found little
functional use as it is not a very stable system. The surface chemistry will over time
degrade, becoming a mix of carboxylic groups, and the conductivity will decrease. The
system is also vulnerable to changes in atmospheric conditions. However, it must al-
ways be kept in mind that it is a possible conduction mechanism. The difference in
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activation energy, around 0.02ev [30] for a surface channel as opposed to a boron dopant
which is in the range 0.7eV [31] and nitrogen which is a N type donor and is reported
to have an activation energy near 1.7eV [32] allow experimental routes to distinguish
between conduction mechanisms.
2.3.2.2 Oxygen Moieties, Pinning the Fermi-level
If the surface of diamond is covered with oxygen or fluorine , both of which have high
electronegativities the Fermi-level of the band structure at the interface between the
diamond and the atmosphere is pinned. On intrinsic diamond this means the wide
band gap is maintained without any intermediate states, and no surface conductivity
is possible [33]. This can be useful to define conductive and non-conductive areas on
intrinsic material [34] and to simplify measurements on bulk doped diamond samples
where surface conductivity may confuse measurements.
2.3.3 Doping Diamond During Growth
Boron is an electron acceptor and, given its small atomic radius can be easily incorpo-
rated substitutionally into the diamond lattice. This leads to an effective hole-doping,
which makes diamond metallic [35]. Boron can be substitutionally incorporated into
diamond [36] during growth by adding a boron precursor into the mix either as a gas
or a solid. The deep donor level of boron and issues arising from threading propagation
during growth, twining and growth zone formation (by which I mean regions where
growth is mostly on some other growth plane then the one intended), an increase in
graphitic content with thick films due to the CVD chamber sooting up, crystal lattice
stress caused by all of the above and the incorporation of an atom which although
close to the same size as carbon is not exactly the same size, leads to lots of scattering
sites and carrier traps that ultimately make heavily boron doped diamond have either
high mobilities and low carrier concentration or high carrier concentration and low
mobilities. This is not ideal for a lot of electronic applications.
Doping diamond by substitutional incorporation of boron atoms into the carbon
lattice is nowadays a mature technology and boron doped diamond can be purchased
from a number of supliers. Doping concentrations from semiconducting to metallic
levels are possible and the resolution in dopant positioning can be controlled down to
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the nanometer scale [37, 38]. Even though the predicted mobility and carrier concen-
tration enhancements theorised for δ-doped diamond have yet to be experimentally
demonstrated, making boron-doped diamond at the nanometer scale still offers several
advantages over the bulk counterpart: given its reduced size, it can be better inte-
grated into a real miniaturized system, the costs are reduced and patterning metallic
architectures with nearly atomic scale control over the dopant concentration is possible.
2.3.4 Delta Doping of Diamond
δ-doping is a technique known since the eighties for incorporating high concentrations
of dopants into semiconductors and its use has widely spread into the semiconductor in-
dustry, in particular for doping silicon for electronic applications. The name ‘δ-doping’
originates from the idea of placing a narrow dopant profile in a semiconducting mate-
rial, creating a structure whose impurity concerntration tends towards an atomically
sharp plane within an intrinsic bulk crystal this resembles a δ-function [39]. More
generically, δ-doping consists of doping a material with donor or acceptor species in
a narrow region (from less than 1 nm to several nanometres), engineering a spatially
confined layer of dopants, usually into the bulk of a material. Such a dopant profile
is responsible for an effective n- or p-type doping of the host material, depending on
whether the doping species are donor or acceptor species, respectively [39, 40]. The
structures obtained by δ-doping are therefore hybrid systems with electronic properties
dictated by the complex interplay of quantum size effects, spin and charge ordering
and the overlap between the host material and the dopants’ atomic-wavefunctions. δ-
doping is a well established method for doping solid state systems such as silicon and
has found widespread use in technology, leading to the establishment of an intriguing
route to realize working atomic-scale devices [41, 42, 43], whilst constituting a test-bed
for investigating quantum effects in solid state systems [44, 45, 46].
After vast efforts were spent the diamond community is generally of the opinion that
Delta doping in diamond has been and will be a failure. My sponsor reported record
Hall mobilities as high as 900 cm2/Vs although could only achieve device mobilities
which were significantly lower [7]. This makes the current technology as reported not
well suited to high frequency high power devices.
The main samples on which this thesis hinge are the 100 or so samples that are
the remenant of that project. Mostly they have surface consisting of δ-doped diamond
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with the doped epilayer being of different thicknesses [7]: by using this doping approach
metallic p-type ‘thin’ diamond samples where the full width half maximum of the dopant
distribution is ≈ 2 nm an example is shown in Fig. 2.8.
Figure 2.8: A plot of the boron profile of an example delta layer measured by ERDA
showing a full width at half maximum of 1nm. Solid line represents a Gaussian fit to the
measured data, the boron from depth < 0nm is a measurement artefact[7].
2.3.5 Contacts to Diamond
To realise an electronic device contacts must be patterned on the semiconductor surface
to allow either charge to be injected and sunk or voltages to be applied. In most material
systems this somewhat of a black art and the nature of the interfaces between different
materials is a deep subject. Diamond is no exception, and although there is a wealth of
literature on contacts to diamond there is no absolute consensus as to what makes for
the best metallisation and process treatments. The community has generally settled on
a few metals used for contacts depending on the nature of the device and the constraints
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of cost and equipment availability.
2.3.5.1 Ohmic
A perfect ohmic contact is one where there is no recertification of charge at the interface
between two materials. i.e. current will increase linearly with applied voltage obeying
Ohm’s law (V=IR, Voltage = Current.Resistance). This can be challenging on p-type
diamond as it is required that the workfunction of the metal be greater than or equal
to the sum of the electron affinity and band gap of the semiconductor.
Refractory metals that can form a carbide such as Ti, Mo and Ta have been shown
to make an Ohmic contacts with contact resistances on the order of ρc = 4.93 × 10−6
Ω cm2 [47] [48]. The series resistances decrease after annealing, with a reduction in ρc
of one or two orders of magnitude after an anneal for longer the 5 mins at temperatures
greater then 400C. Palladium (Pd) ρc = 4.93 × 10−7 Ω cm2 annealed at 400C has also
been shown to make an Ohmic contact. [49].
Usually, a gold capping layer will be evaporated over the carbide forming layer; this
allows wire bonding and/or probing with mechanical probes. The most common layers
of metals are Ti/Pt/Au & Cr/Au, where the Pt works as a diffusion barrier.
By working with heavily doped diamond Ohmic contacts can be easily made. As the
doping concentration decreases this becomes more difficult. Either way a tunnel contact
is formed, the difference in the doping levels changes the semiconductor (diamond)
barrier height relative to the metal[47]. The metallic or near-metallic doping of the
diamond means that, although there is a barrier at the surface, statistically a large
number of carriers can be injected through a few nanometres of a depletion region into
the device without observing significant non-linear phenomena.
2.3.5.2 non-Ohmic
Aluminium can be used to form a Schottky-type contact with barrier heights anywhere
between 0.8 and 2.2V [50][51][52], although it has been shown that the barrier heights
will decease and the contact will become Ohmic after anneals at or above 700K[53].
2.3.6 Field Effect Transistors
The word transistor is a portmanteau of the words transfer and resistor, this word
describes the device’s basic purpose as a transistor can modulate the resistance between
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Figure 2.9: Overly simplifed description of a transistor used in GreenDiamond video
(directed by author)[8]
two nodes (the channel) by a signal at a third node (the gate). It is generally accepted
that Bardeen, Brattain and Shockley demonstrated the first solid state transistor in
1947: after this, the development of transistors at Bell labs and other universities
and private institutions continued at a prodigious rate and heralded the start of the
semiconductor age, which I posit we now live in. Transistors are integral components
in a huge variety of modern technologies. Often they are used as switches or to amplify
signals and nearly all of our modern conveniences will contain at least one... probably
millions.
Over the last 60 years vast resources have been spent on transistor research and
there are now many varieties of transistor-like devices that operate in different ways for
different purposes. This thesis will concern itself with p-type conductivity in devices
that are most similar to the metal-oxide-semiconductor field-effect transistor (often
referred to as a MOSFET, MOS-FET, or MOS FET)
An electric field can cause free electrons (or holes) to conduct a current along a
path, this is called drift. The current density due to these drifting carriers is the sum
of the electron and hole velocities νh and νp. q is the elemental charge and n is the
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number of the carriers.
J = qnνp + qnνh (2.2)
When the electric field, E, is small, the carrier velocity is proportional to E. The
constant of proportionality is called the mobility, µ.
J = qnµpE + qnµhE (2.3)
At high E the carrier velocity saturates and is limited by scattering processes. In
fact the mobility is affected by a number of constraints. Generally, the mobility of
electrons in a semiconductor is significantly higher then the mobility of holes. As hole
conduction happens in the valence band with valance electrons that are closer to the
nucleus, holes generally have a higher effective mass and are scattered or trapped more
readily.
The field-effect mobility can be extracted from the transconductance and gate ca-
pacitance using Eq.2.4 , where Lg and Wg are the gate length and width, Cox is the
dielectric capacitance, gm is the peak transconductance, andVDS is the voltage drop
under the gate [54].
µFE = Lggm/(wgCoxVDS) (2.4)
2.3.7 NanoWires and NanoWire devices
Semiconductor nanowires have been fabricated in material systems as varied as sili-
con [55] and WS2 [56]. The high surface area to volume ratio makes them ideal for
devices such as biosensors [57] or double, triple and even all-around gate nanowire
transistors [58]. All of these devices utilise a range of things that can happen when
devices become this small. In a nanowire, balistic transport is possible [59]. This is
were a carrier is transported through the wire without scattering, this is desirable as
it should mean negligible voltage drop across a channel resulting the optimal ON-state
conductance for a transistor. More exotic physics also becomes available for simple
experimental exploration in the quantum world observable on these length scales, such
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as the observation of the fractional a.c. Josephson effect in a hybrid semiconductor-
superconductor InSb/Nb nanowire junction, a hallmark of topological matter such as
a Majorana particle [60]
Diamond has been fabricated into vertical nanowires/nanograss/nanopilars by using
colloids as an etch mask or patterning other plasma resistant materials locally on top
of diamond. [61]. Electronic devices or applications have not been reported for such
wires as the 3D processes required are significantly more difficult than standard planar
processes which are used in other nanowire devices.
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Figure 2.10: Overview of semiconductor nanowires and their applications. (A) TEM
image of Si nanowires produced after ablation of a Si0.9Fe0.1 target. Scale bar: 100 nm.
(B) Diffraction contrast TEM image of a Si nanowire. Crystalline material (the Si core)
appears darker than amorphous material (SiOx sheath) in this imaging mode. Scale bar:
10 nm. Inset: electron diffraction pattern recorded along the [211] zone axis perpendicular
to the nanowire growth axis. (C) HRTEM image of the crystalline Si core and amorphous
SiOx sheath. The (111) planes (black arrows) (spacing 0.31 nm) are oriented perpendicular
to the growth direction (white arrow). Reproduced with permission from [9](D) Tilted SEM
image of a vertical InAs nanowire array grown on an InAs (111) B substrate. The spacing
between nanowires is 0.5 µm. [10]. (E) SEM image of patterned crossed nanowire arrays.
Scale bar: 10 µm. Inset: large area dark field optical microscopy image of the crossed
arrays. Scale bar: 100 µm [11]. (F) High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image of the cross section of a GaN/AlN/AlGaN
nanowire. Scale bar: 50 nm. (G) Lattice-resolved HAADF-STEM image recorded at the
(0001) facet of the nanowire. Dashed lines highlight the heterointerfaces between layers.
Scale bar: 2 nm. (H) bright field STEM image and corresponding EDS elemental mapping
of the same nanowire, indicating spatial distribution of Ga (blue), Al (red) and N (green),
recorded on a GaN/AlN/AlGaN nanowire cross section. Scale bar: 50 nm. Taken from[12].
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2.3.8 Diamond Transistors and Transistor Like Devices
A variety of devices such as MESFETs, MISFETs and even Bipolar Juncton transistors
have been demonstarted using the hydrogen surface channel on diamond [62] [13]. These
show high current densities, cut-off frequencies for current gain (fT) and power gain
(fMAX), and reasonable output-power density at reasonable frequencies all however
suffer from large reliance on ambient conditions on top of the usual diamond issues of
small wafers of varying quality.
Figure 2.11: Schematic cross-section of H-terminated diamond FET.[13].
A device like Fig.2.11 must be oporated inside a vacuum if stability is desired. To
avoid this different encapsulation processes such as SiO2 or some mysterious proprietery
polymers to stabilise the device [62]. Although progress continues to be made to make
this kind of surface transfer doping based device, in any application where it can realis-
tically displace Si or a material like AlGaAs it is unlikely to be viable. This is because
one of diamonds unique selling points is stability, silicon and similar semiconductors
can be engineered to be remarkably efficient and cheap. But the are all plagued (in
some applications) by mobile dopant’s, diamond does not suffer from this. Therefore
traditional band gap engineering to substitutionally dope diamond is a large area of
diamond research.
An inversion channel diamond MOSFET with normally-off characteristics has re-
cently (at the time of writing this thesis) been proven [14]. Fig. 2.12 shows a schematic
of the device. The MOSFETs exhibit a high drain current density compared with
previously reported diamond JFETs (0.48mA/mm) and MESFETs (0.06mA/mm).
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Figure 2.12: (a) Schematic cross-sectional structure and (b) top-view optical image of
Al2O3/diamond MOSFET with n-type body. Schematic structure in (a) is cross-sectional
view along red broken line in (b). S, D and G are source, drain and gate contacts, respec-
tively. Taken from[14].
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Figure 2.13: Applied Vg ranges from 0 to -12 V with a voltage step of -1V and Vds is a
constant value of -0.1V, for device in Fig. 2.12. Taken from[14].
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2.4 Conclusion
As with most diamond devices there are multiple issues that need improving; sub-
strate quality particularly in the n-type layer, interface quality between doped layers
as well dielectrics and dielectric crystallinity need to be studied in more depth.
2.3.9 Diamond as a Superconductor
The electronic properties of bulk boron-doped diamond have been extensively studied
for more than five decades. The interest in this system has even increased during the
last ten years, with both theoretical and experimental results having demonstrated
the existence of a superconducting state accompanied by a metal-insulator transition
(MIT), at ever increasing temperatures. Most growers can now routinely make a single
crystal sample with Tc=5 − 7 K, [35, 63, 64, 65]. The controversial record upper
transition temperature for diamond of 25K [66] is generally thought to require further
proof. Diamond is interesting as a superconductor as it is a very simple system, so
trying to understand what is happening is easier then some of the more exotic high
Tc materials and its unique physical properties make it ideal for making devices like
MEMS[67] or high critical field superconducting interference devices[68].
2.3.10 Diamond and Biology
Diamond is an ideal material for biosensing; it is exceptionally biocompatible meaning
a diamond bioFET could be used in physiological environments without significant bio-
fouling [69]. A variety of functional groups can be easily attached and patterned over
the diamond surface, allowing the use of orthogonal chemistry to affect the suppression
of nonspecific binding. Diamond also possesses a wide potential window for electro-
chemical measurement ( 3V window where minimal gate-leakage current is observed).
2.4 Conclusion
This chapter has set the historical and technical background to this thesis. It describ-





3.1 Handling and Mounting Samples
Handling small samples requires patience and a Zen attitude. All movements and
actions should be considered and controlled otherwise it is easy to spend hours on your
knees looking for a small transparent sample. For some processes it is possible and
desirable to mount a small sample on a carrier wafer. Various epoxies and oils can
be used to attach the die to the carrier wafer. This approach has some advantages;
The sample is now effectively large, easy to handle and potentially compatible with
wafer scale processes. It has some disadvantages: the choice of bonding media must be
compatible with all of the. This is particularly challenging if the process flow involves
a mix of plasma and wet acid processes as well as requiring vacuum compatibility.
Choosing the appropriate tweezers for the sample and process is vital. Using the
smallest tweezers that can comfortably hold the sample prevents some issues, namely
there is often residue on the corners of the sample after spinning resist which can cause
the samples to stick to tweezers in unpredictable ways. When drying a sample holding
the sample down on a clean wipe and blowing with the highest flow of an inert gas




Diamond is a very resilient material. This means that for films thicker then a fewµm
we can clean them quite aggressively. A mixture of boiling acid and oxidising agent
can be used to remove both organic and metallic contamination. This also has been
shown to functionlise the surface with various oxygen moieties[70]. For processes where
the surface chemistry must not be too greatly changed, sonicating in strong solvents
such as butyl-acetate, acetone and IPA will remove grease, dust and a number of other
contaminants. Cleaning samples is of vital importance; a speck of dust on a 4mm chip
can cause resist to flow in weird and wonderful ways, resulting in varying film thickness
and uncontrollable results.
3.3 Knowing your Carbon Allotrope
There are many techniques that can be used to identify diamond thus ensuring that
your partner hasn’t purchased a cubic zirconium crystal or that your sensor is not
mostly graphite.
3.3.1 Raman
Raman spectroscopy is a powerful technique for quickly recognising diamond, as it
has clear and distinct features. Raman spectroscopy named after Sir C. V. Raman
works when incident radiation inelastically scatters off phonons or other exitons in the
material system under interrogation. The monochromatic light (now usually from a
laser source although the original work by Raman in the 30s used sun light) excites a
state within the system to a virtual state before the now inelastically scattered light
escapes.
The zero phonon line (ZPL) manifests as a sharp peak at 1332 cm−1, and graphitic
carbon content and crystal stress can also be analysed by looking for the sp2 carbon,
Raman active modes and peak shifts in the ZPL respectively. This makes Raman
spectroscopy is an easy way to identify diamond and in the aforementioned ways qual-
itatively compare different samples.
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Figure 3.1: Raman scattering processes. Taken from [15]
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Figure 3.2: Polarized Raman spectra of 100 facet for B-doped CVD diamond sin-
gle crystals with different boron concentrations (A) 8.5x1018cm3, (B) 1.8x1019cm3, (C)
7.8x1019cm3, and (D) 2.11x1020cm3. The electric vector of the incident laser is parallel to
(a), (b)100, and(c), (d)110, respectively. The incident laser was the 514.5 nm line of an Ar
ion laser. Taken From[16]
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3.3.2 Secondary Ion Mass Spectormetry
SIMS is fundamentally a very simple and powerful technique. Primary ions of low
energy (in the case of diamond 10-15keV) heavy particles such as Ar+orO+ are used
to sputter the solid in question. Statistically, the ejected particles are most likely to
come from the first 1-3 atomic layers, making the technique very surface sensitive. The
secondary ions that escape can be collected and categorised as a function of their mass,
giving a lot of information about the composition of the surface as you etch through a
small area.
SIMS in diamond is slightly more difficult as light atoms and strong bonds (diamond
is hard) make for a challenging process. Add to this very thin impurity layers and effects
such as SIMS’ induced ion mixing and the whole experiment can become very difficult.
It is, however, possible [71] and can be used to measure doping concentrations and film
thickness.
3.3.3 Low Energy Electron Diffraction
LEED (Low Energy Electron diffraction) can be used to probe the surface reconstruc-
tion of a single crystal material. By shining electrons within the range 20 - 200 eV upon
the sample a backscattered electron diffraction pattern is produced. Only elastically
scattered electrons contribute to the diffraction pattern and the pattern itself is the
Fourier transform of the real space lattice of the crystal.
The bare diamond surface has two dangling bonds at each surface carbon atom.
These can form a variety of bonds with a range of atoms, or the surface may reconstruct
via dimerisation to form a Π surface. As shown in Fig.2.7 this results in a (2x1)
symmetry in the LEED pattern [72]
The sharpness and intensity of the pattern observed during a LEED measurement
says something about the quality of the crystal at the surface as well as possibly giving
insight into what chemical species are there (if there is a known and unique surface re-
construction for some given element). It does not, however, give definitive information
about the surface chemistry, as many different moieties can raise the same reconstruc-
tion. Accordingly, it is now generally believed that the 1x1 reconstruction involves the




By spin coating polymers that are sensitive to either electrons or photons of a certain
energy it is possible to pattern a substrate with either a positive or negative resist. This
process happens when the resist is selectively exposed to such radiation and various
chemical processes lead to either scission of long polymeric chains or polymerisation.
In the case of a positive resist the exposed areas can be removed after exposure by
immersion in a solvent. The parameters of the exposure (focus, time, power/charge per
unit area) and of the development (strength of developing solution, time in solution
and temperature of solution) will affect the angle of the side walls (aspect ratio) as well
as film properties such as stress. Both exposure and development parameters can effect
the final shape achieved after lithography.
Obtaining uniform continuous films of polymers on small samples can be challeng-
ing. One major problem is the dreaded edge bead. This manifests as a build up of
polymer gathered in a corner due to the surface tension at the corners/edges and the
forces that push the fluid polymer flat and out towards the edges. At the intersection
of two edges the problem is particularly pronounced. This is a particular issue for
photolithography where the substrate to be patterned is to be placed in hard contact
with a mask. Edge beads cause several problems: firstly, a large edge bead can greatly
reduce the usable area of a substrate; this is mostly due to the greatly increased thick-
ness requiring different exposure parameters, and is true for any type of lithography.
Secondly, in multi-layer devices made with photolithography where alignment is sensi-
tive or fine the edge bead can cause the sample to move relative to the mask as you
bring the sample up to the plane of the mask.
The edge bead can be minimised. For any given resist, substrate material and
substrate geometry there are several important steps to optimising the resist. Assuming
a square or symmetrical substrate, the sample must be placed as near as possible to
perfectly central. If this is not the case, the off-axis spinning will mean one edge bead is
significantly large then the others. The spin coater has a variety of pucks for use with
different substrates, and the choice of puck is vital. I generally use the goose-neck puck
(a puck with a small goose necked vacuum hole), as I find if the resist is dispensed in
the correct way it gives the best results. By painting an excess of resist (using a clean
pipette) across the substrate and the puck a good even film can be achieved. Although
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the fluid dynamics are complicated I think that some sort of wicking-type process helps
overcome the large surface tension experienced on the edges/corners of the samples.
The negative aspect of this puck is that the vacuum hole is small relative to the chip
dimensions and for thinner samples there can be some bowing during spinning which
can lead to a uniform area of resist where the vacuum hole is and then a gradient out
to the edge.
After mounting the sample carefully there are two parts to the spin process that
must be optimised. First, we must flick off excess resist and then we must smooth out
the remaining polymer to produce a uniform film. The flick stage of the spin can be
approached in a number of ways, with really gloopy (high viscosity) resists such as the
AZ series photoresists an initial very fast spin, relaxing down to a lower smooth stage
can be succeful, athough this is unusual. Normally, a quick acceleration to around half
of the the final spin speed for a second or two is appropriate. With small samples,
spinning at high RPMs, sometimes out of the range listed in data sheets can allow
better uniformity of the resist over a large area and significantly smaller edge beads.
Spinning for too long or too fast with some resist can lead to streaking and poor film
quality.
3.4.1 Photolithograhphy
3.4.1.1 Resists, Exposure and Development
After much process engineering the following processes have been settled upon and used
extensively throughout this thesis. For liftoff, LOR10B with S1818 on top. Coating
one layer at a time, spin at 1krpm for 0.2 s and then 4.5krpm for 45s, bake at 190C
and 115C for 10 and 1 mins respectively. Expose with 23mW of UV. Both are positive
resits. As a rule of thumb liftoff is possible for a film up to 1/3 of the resist height. The
resist height will vary depending on the substrate size and geometry. Develop for 30s
after pattern clears in MF-26A. For a 3.6mm2 piece, 200nm of material can be lifted
off from a 1.2µm resist stack. Development time is 90s.
SPR220-7, Spin at 9999rpm and bake at 100C. For a thicker SPR220 film spin a
second layer and bake at slightly High T. SPR220-7 is also a positive resist. These
resist are like treacle; this process was developed to work on a Bosch style deep etch
where the SPR220 works as the etch mask. It is useful as CMOS compatible machines
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normally ban metals as they can contaminate the process. Our usual mask materials
when working with diamond are not CMOS compatible.
3.4.2 E-beam Lithography
Electron beam lithography relies on the chemistry that happens when some materials
are exposed to electrons. Some negative resists will polymerise, forming stable long
chain materials; others will undergo some kind of scission making them less stable.
Accordingly, by drawing a beam of electrons across such materials very small patterns
can be made. Electrons can be accelerated across an electric field, this allows them to
be very high energy. This allows them to beat the diffraction limited limit of visible
light seeing or drawing smaller features.
Due to the proximity effect the electron dose require will depend on the geometry
and writing strategy, how the Raith 150-two e-beam lithography machine feels on a
given day and subtle differences in process. Differences between susbstrates can mean
charging issues vary from not important to very important; the time between exposure
and spinning can make small differences, as can humidity and temperature in the room.
3.4.2.1 Resists
2 layers of PMMA 950 A4 baked 180C for 2mins. This is a by-layer for lift off can be
formed by repeating this process twice. This should have minimum undercut. Doses
required depend on structure and it often feels like a lot depends on how the machine
feels. This resist stack is perfect for lift-off style processes, allowing lift off of films up
to 70nm.
Hydrogen silsesquioxane (HSQ) is a negative e-beam resist. That means the parts
of the pattern that are exposed will remain. It can be further diluted in MiBK to
get different thickness films; 6% for 80nm. 4% for 40nm 2% for 15nm. 0.5% for 7nm.
Develop in MF-319. This developer has a small amount of surfactant, which lowers the
surface tension as drying. This helps to keep high aspect ratio patterns standing.
3.4.2.2 Write field Alignment and Design/Writing Strategies
To achieve alignment to small features it is necessary to place alignment marks close
to the features. During write field aligment the SEM takes images of some marks or
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features and then compares the positions to those of the ideal positioning in the design
file. Accordingly, the machine can then calculate the scaling shift and rotation required
for a given write field.
Figure 3.3: To set local coordinate system manual alignment to a feature like this stan-
dard one is required. Taken from[17]
As a rule of thumb passed for which I know works but am not sure of the origin or
even the reasoning the minimum thickness for an alignment mark in nm = 2600/(Z-14).
For gold Z= 79 so the minimum thickness required would be 40nm.
Within a write field the beam will raster in a snake pattern unless told to do
otherwise. The mask design should consider this.
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Figure 3.4: Automated alignment using computerised image analysis, edge detection and
then mapping the alignment marks current position to that of a reference map, allow many
alignment marks to be used without constant supervision. Taken from [17]
3.5 Reactive Ion Etching
For a lot of applications patterning or defining different areas of a substrate is essential.
Often this involves making a 3D topography from a planar material via some sort of
etching process. Wet chemical etching is not practical for diamond, due to the high
temperatures and dangerous environments required to achieve it. Therefore a lot of
work has been done to optimise and understand the reactive ion etching processes that
can be used. In normal reactive ion etching (RIE) a plasma is produced by an RF elec-
tric field ionising some precursor gas. This Plasma produces both chemically reactive
free radicals and energetic ions, both of these can radically transform a material. In
inductively coupled plasma RIE (ICP RIE) two RF power generators are used, as in
Fig.3.5b. This allows greater control of the ion energy and, separately, ion density.
Due to the hard and chemically resistant nature of diamond, RIE of diamond is not
a trivial process and as a result traditionally requires hard metallic masks to provide
sufficient etch selectivity for deep etches. Using metallic masks with oxygen plasma
often results in the sputtering of metal onto the diamond surface, creating nano-scale
etching masks that cause diamond nano-′whiskers′ to form on the etched surface of
diamond. This micro-masking can be used on purpose to form nano-grass or pillars
[74].
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(a) Surface Technology Systems ICP DRIE (b) Schematic from Oxford Intruments showing
ICP RIE.
Using photolithography hard metal masks can be patterned to define features as
small as 1µm. This hard mask will protect the diamond underneath from the RIE
processes. After a thorough literature review Table.3.1 it is clear that a variety of
parameters are possible depending on the what sort of feature or pattern is required as
well as the quality of the diamond to start with and the type/shape/condition of the
etcher used to etch.
3.6 Metallisation
3.6.1 Evaporation
Evaporation is a word used to describe the phase change between liquid and gas. Most
metal evaporation first requires a melt of metal which is then followed by evaporation.
Sublimation (direct from solid to gas) is usually avoided.
3.6.2 Thermal Evaporation
Fig.3.7 shows a molybdenum boat, into which evaporant can be put. When current is
passed through the boat, Joule heating will heat the boat, which is in thermal contact
with the evaporant. The evaporant will melt and then evaporate. Key to good thermal
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Figure 3.6: Edwards A306 Belljar Evaporator in LCN cleanroom
Figure 3.7: An example of a resitive evaporation boat
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evaporation is patience; rushing to too high an evaporation rate (high current) will flash
the material, both using a lot of the material you want to evaporate and not allowing
a controlled crystal growth on the substrate. Ideally, a stable evaporation rate should
be reached before opening the shutters to the substrate; this allows the crystal to grow
with consistent incident ion energy and will result in a more homogeneous crystal.
3.6.3 Electron Beam Evaporation
Figure 3.8: Edwards A500 FL500 Electron Beam Evaporator, 4 pocket Temescal Electron
Beam gun, 2 thermal sources. Metals include Ti, Au, Mo, Pt
My work has so far only required Ohmic contacts. To achieve a good Ohmic contact
on diamond over a wide potential window and down to low temperatures (<2K) a few
things must occur. The sample must have high doping levels (particularily for for low
temperature work or all the carries will freeze out and the sample will become more and
more resistive), the closer to two metals interfacing the better. As the diamond doping
level reduces, a larger barrier hieght should be expected at the interface. Forming a
carbide by deposition of a reactive metal such as titanium, helps. as some amount of
diffusion is posible in diamond and carbide forming metals will change the stochiometry
at the interace. As titanium is so reactive it then must be covered with another metal.
It is usual in diamond if the aim is to make a device that will last a long time to do a tri
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layer metal stack with titanium at the bottom covered by a platinum diffusion barrier
which in turn is covered in a thick gold layer onto which one can wire bond [75]. The
electron beam allows for higher temperatures then thermal evaporator, which allows
the evaporation of materials such as platinum and titanium.
Figure 3.9: Principle of opertation for e-beam Evaporator. Taken from [18].
When the Source is operated, high voltage electrical supplies (provided by the EB3
3 kW Power Supply) heat a tungsten filament (7) until it is incandescent; the filament
then spontaneously and randomly emits electrons. The anode plate (5) then collects
the electrons and forms them into a beam (3) which is accelerated through the high
voltage potential of 5 kV. Magnetic fields created by a permanent magnet (8) and the
pole pieces and pole piece extensions deflect the beam through 270 until it impacts on
the evaporant in the crucible n hearth (1), which is at electrical ground potential. If the
electron beam contains sufficient energy, the evaporant in the crucible is evaporated.
For the beam to reach the crucible, it passes through two apertures (2, 4) in the top
shield on the source which focus the beam this is shown in Fig.3.9, [18].
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Figure 3.10: An appropriate raster pattern ensures a smooth even melt[18].
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By choosing a material-specific raster pattern a smooth even melt can be achieved.
This is important both in terms of maintaining the hearth and material within it and
getting an even coverage of evaporant over a wide area.
The thickness of the evaporated metals are monitored by quartz crystal micro-
balances during deposition. Afterwards, polarimetry or ellipsometry can be used to
qualify that measurement against a total thickness and the technicians can then work
out tooling factors and keep an eye on the machine performance. This is a correc-
tion between the amount of material that reaches the micro-balance and the amount
that reaches the sample. This is usually different due to geometrical issues with the
evaporator.
3.7 Tools for Electrical Characterisation
3.7.1 ACMS - Alternating Current Magnetic Susceptibility
The quantum design physical properties measurement system (PPMS) is a turnkey
muti-use tool based around a cryogenic dilution refrigerator. With the normal helium-
4 insert it can reach a base temperature of 1.8K and generate magnetic fields up to
14T. The PPMS can be used in a number of configurations to perform many different
kinds of measurement. In this instant it is used for Alternating Current Magnetic
Susceptibility (ACMS).
ACMS is one of the measurement options available. Magnetic susceptibility is inter-
esting as it says a lot about how the magnetic moments within a sample are behaving.
In DC magnometry the sample is magnetized by a constant magnetic field, and the
magnetic moment of the sample is measured. The resulting moments are measured
by a set of inductively coupled pick op coils. In ACMS a small AC field is applied to
a sample, either with or without a larger DC field, and the resulting AC moment is
measured. The induced sample moment is time-dependent. AC measurements yield
information about magnetization dynamics which are not obtained in DC measure-
ments, where the sample moment is constant during the measurement time. This sort
of AC measurement gives information about the slope of M(H) (the magnietisation as
a funtcion of the magnetic feild strength) and not the absolute value, according small
shifts can be detected when the absolute moment is large [19].
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Figure 3.11: Quantum Design PPMS
ACMS is a powerful non-destructive tool for investigating superconductive materi-
als. As a material undergoes a phase change to a superconducting state the material
must ultimately change to being a perfect diamagnet with magnetic susceptibility χ′
= -1, the onset of a non zero χ′ is taken as the upper superconducting transition
temperature.
Figure 3.12: Straw mounting for ACMS in PPMS, the sample is mounted in a little
pouch to stop vibration causing the sample to move. Further, holes are put in the straw
to allow helium coolants to flow in and trapped air or moisture to exand. Taken from [19]
The sample can be mounted in a number of ways, but usually a straw (common
drinking straw) provides a low background signal, cheap and easy way to proceed. The
sample is prepared as in Fig.3.12 and then lowered into the fridge. The sample space
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is then cooled and measurements can begin.
3.7.2 Angle Resolved X-Ray Photoemission Spectroscopy
ARPES (Angle Resolved X-Ray Photoemission Spectroscopy) is an extremely powerful
technique for accessing the electronic structure of materials resolved in energy and
in momentum space. By using ARPES we can probe the electronic properties of a
solid state system within the whole Brillouin zone (BZ). Each ARPES measurement
corresponds to the electron binding energy (EB) and its dispersion as a function of
~k|| = ~kx + ~ky, ~k|| is the momentum vector parallel to the surface, ~kxand~ky are the
momentum components in the x and y directions respectively. These vectors define
reciprocal or k-space. In addition, given the fact that the ~kz depends on the photon
energy (hν) used for the data acquisitions [76], by varying hν we can map the evolution
of electronic structures along the ~kz direction of the bulk BZ.
The electronic properties of bulk boron-doped diamond have been extensively stud-
ied for more than five decades. The interest in this system has increased even fur-
ther during the last ten years, with both theoretical and experimental results having
demonstrated the existence of a superconducting state at temperature Tc=7 K, accom-
panied by a metal-insulator transition (MIT) [35, 63, 64, 65]. So far, photoemission
has proven to be a powerful tool in characterizing the electronic properties of B-doped
diamond. In particular ARPES measurements with high photon energies (> 170 eV),
where sensitivity is restricted to the bulk states only [35, 77], has been demonstrated
to access the momentum-resolved electronic dispersion of B-doped diamond, mostly
focusing on revealing the metallic character of these samples, and importantly, their
putative superconductivity. Such superconductivity has been associated with boron-
induced metallicity [35, 78, 79, 80]. In particular, it has been shown that near the Γ
point of the BZ, strong phonon modes can couple with the hole bands, driving the
formation of a superconducting state. Whilst this picture is often complicated by the
presence of a boron impurity band, which challenges the understanding of the origin of
superconductivity [78, 79, 81], strong boron doping is nonetheless necessary for turning
diamond into a superconductor.
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3.7.3 Transmission Line Model
In a transistor or similar device, understanding the nature of a contact system is cru-
cial for understanding the whole system and how the contacts will affect the devices
behaviour.
Figure 3.13: Two terminal resistor in cross section. Taken from [20]
To Inject current into a simple wire two contacts are required. In Fig.3.13 the
contacts are the grey areas at the ends of the channel. Each contact has an area AC
RT = 2Rm + 2RC +Rsemi (3.1)
where RM is the resistance due to the contact metal, RC , is associated with the
metal/semiconductor interface, and Rsemi is the usual semiconductor resistance. RM
is in most cases much larger than RC and so can be ignored.
Rsemi = RSL/W
RT = Rs/WL+ 2RC
(3.2)
Eq.3.2 has the same form as the equation of a straight line, so as shown in Fig. 3.15
by measuring a few resistors which are identical other then having different lengths (as
shown in Fig.3.14) at the y intercept (of a plot of their resistances vs their channel
length), which is where the channel length would be zero we get a number proportional
to the contact resistance RC . The slope of this graph is also proportional to Sheet
resistance RS .
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Figure 3.14: A typical arrangement for a TLM test pattern. There is a single rectangular
region (blue in the figure) that has the same doping (i.e. same sheet resistance) as the
contact areas of the devices. An array of contacts (darker gray in the figure), with various
spacings, is formed over the doped region [20]
Instead of measuring lots of single resistors the resistance between each pair of con-
tacts in some device that looks like Fig.3.14 can be used to construct the Transmission
Line Model (TLM) graph Fig. 3.15. From the graph the parameters RS , RC , ρC can
be calculated [20].
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Figure 3.15: From a plot of total resistance vs resister length we can derive key carach-
teristic numbers for the contact. Taken from [20]
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Figure 3.16: Small Region Near contact. Taken from [20]
As the contact resistance depends on the size of the contact it is not that useful
as a metric for comparison between materials or devices. Using the contact resistivity







So RC will units of [Ω].[L2]. Typical values for semiconductors will be in the range
10−3to10−8 Ωcm2 [20].
Figure 3.17: Lines of constant current. Current flow in device bulk is uniform but the
filed lines and tranport behavior are more complicated near the contact edges. Taken from
[20]
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The contact geometry shown in Fig.3.13 is however not practical for most devices
and a planar geometry, as shown in Fig.3.17, is used. In the main body of the device the
current flow and EM field lines are uniform. However, around the contacts things are
more complicated and current crowding is seen. This makes it difficult to understand
the effective physical length and width of the contact. The current crowding drops of
following an exponential decay (Fig. 3.18) over a length LT , the transfer length, which
can be interpreted as the active contact length.
Figure 3.18: The majority of current is injected around the inside edge. This drops off







RT = Rsemi + 2RC
= RSL/W + 2RSLT /W
= RS/W (L+ 2LT )
(3.5)
So Eq.3.5 tells us that the x intercept will be −2LT . Thus we can measure all of
the variables required to extract the contact resistance.
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3.7.4 Hall Effect
The Hall effect was observed by Edwin Herbert Hall during his PhD and published in
his seminal work of 1879 ’On the new action of magnetism on a permanent electric
current’. This observation has been of profound in the development of modern theory
and practice.
In an ideal Hall effect system a current density (j) flows while experiencing a mag-
netic field (B) perpendicular to the plane defined by current. Due to the Lorentz force
mobile charge carriers will be bent to one side of the channel and an electric field that
is perpendicular to j and B will be developed, this is often called the Hall voltage. The
hall voltage can be measured by passing current through an appropriate material that
is exposed to a magnetic field perpendicular to the plane. The Van der Pauw geome-
tries and the Hall bar geometries provide a number of current sources and drains as
well as voltage probes to measure the hall voltages that develop. The ratio of the Hall
Voltage with the product of j and B is the Hall coefficient. From this same experiment
it is also apparent that the ratio of the voltage dropped ,or parallel electric field, to the
current density will reveal the resistivity of the sample. From these data we can derive
the carrier concentrations and Hall Mobilities.
3.7.4.1 Van Der Pauw Method
The Van Der Pauw method for measuring the Hall effect has several advantages the
simple geometry allows for quick fabrication and analysis of material. As shown in
Fig. 3.19, only four contacts are required and the simple symmetrical geometry means
that it is not necessary to know the exact spacing between each contact. This ease
of measurement is balanced by the fact that errors can easily creep in due to error in
contact size and placement.
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Figure 3.19: Common Van Der Pauw geometries from the Lake Shore 7500 Series Hall
System User’s Manual
3.7.4.2 Hall Bar Method
By defining a so called Hall bar such as Fig. 3.20, errors dues to stray fields and asym-
metries in contacts can be reduced as the channel and probe dimensions are carefully
defined.
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Figure 3.20: Common Hall bar geometries from the Lake Shore 7500 Series Hall System
User’s Manual. Sample thickness, t, of a thin film sample = diffusion depth or layer





This chapter described the experimental techniques used in the results chapters and






Fig.4.1 shows the high thermal conductivity[82], high electronic carrier mobilities[23] of
diamond which coupled with, high breakdown field strength[83] and other superlative
optical, chemical, materials properties[84] make diamond a potentially disruptive tech-
nology in a broad range of applications from power electronics to bio-chemical sensors.
To make semiconductor devices it is necessary to be able to do a certain amount of band
gap engineering, controlling doping levels and preferably having a range of available
dopants. This is difficult in diamond.
At low doping concentrations boron induces an acceptor state 0.37eV bellow the
conduction band; this provides the most promising route towards viable electronic
devices in diamond as other dopants such as phosphorous or nitrogen give much deeper
donor states 0.7 and 1.6 ev respectively [? ] .
Growing boron doped diamond of varying quality by CVD is now commonplace in
many laboratories [85] [78]. The basic principle is to introduce some boron precursor
into the hydrogen plasma during growth. However, due to subtle differences in growth
equipment and, more importantly, large differences in the diamond seeds used to grow
epilayers on, it is impossible to compare the properties of existing bulk thick boron
doped diamond layers to the nanometrically thin boron doped diamond layers grown to
be delta-doped diamond for high power high frequency applications[7]. It is desirable
53
4.1 Introduction
to be able to make direct comparisons to help understand why the expected carrier
mobilities and and concentrations are not seen in the delta layers, as well as to glean
insight into boron doping diamond, for example, what changes as a thin film becomes
a thick semi-infinite one.
Figure 4.1: Comparison of diamond’s combined carrier mobility, bandgap and thermal
conductivity with other semiconductors (area of circle is proportional to the material’s
thermal conductivity). Adapted From[21].
In this thesis a reductive approach is taken to try and understand the fundamental
issues and properties of boron doped diamond (BDD). To this end we require compa-
rable thin and thick films of BDD, where thin means the technological limit for spatial
confinement of a metallic epilayer and thick means semi-infinite as far as a any technique
we wish to use is concerned. This chapter will cover the growth of a thick heavily boron
doped diamond film and the characterisation techniques used to qualify the growth and
compare it to a ’delta doped’ layer grown by external collaborators, and more generally
to the state of the art for single crystal boron doped diamond. More complicated and
powerful analysis methods such as angle resolved photo-emission will then be used in
later chapters to compare and contrast the ways in which a semi-infinite bulk material
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behaves, compared to a thin film that approaches various quantum length scales.
4.2 Experiment Details: Growth Of Thick Heavily Doped
Single Crystal Diamond
The growth of the delta layer is covered in Balmer et al [7]. Although the details are
trade secrets and not discussed in detail, it is known that fast gas switching (automated
well designed specialist valves and gas manifolds as seen in Metal-Organic Chemical
Vapour Deposition systems) and high quality substrates are important. To grow a thick
film that could be reasonably compared it was essential to start on a substrate which
had the same processing as the delta layer substrates. This was a (100) low impurity,
high quality, intrinsic chemical vapor deposition (CVD) buffer layer grown on top of a
chemical mechanical polished, high pressure high temperature (HPHT) substrate from
the same batch of substrates on which the delta layers were grown. The thick boron
doped layer was grown in an Astex - AX6500 MEPCVD reactor using trimethylboron,
TMB [B(C2H5)3] as a boron precursor source. Samples were placed in the reactor
and the chamber was pumped on overnight to achieve base pressures in the order of
10−6mbar. By creating a hydrogen plasma with a microwave generator it is possible to
grow diamond in a metastable quasi-epitaxial manner. It has been postulated that the
polishing process does a lot of damage to the crystal lattice in the first 10µm or so bellow
the surface. Several groups are working on pre CVD growth treatments to help with
this[22], in which the first 4-10µm are removed by plasma etching. Substrates are chosen
after careful selection by measuring surface roughness using AFM and comparative
crystal stress looking for birefringence when viewed between cross polarisers.
The thick heavily doped films were grown in Cardiff by the author, but the lab
there was not set up for single crystal growth. The methodology was governed by two
limiting factors: firstly limited substrates, there were 8 substrates to develop a recipe
on and secondly by a lack of a perfect experimental set up. A major problem was
thermometry, (thermometry is a problem for all diamond growers), normally for single
crystal growth a disappearing filament thermometer is used. A disappearing filament
thermometer works by having a filament with a known black body spectrum in front
of the line of sight of the sample on the stage. Current is passed through a metallic
spiral joule heating causes the spiral to glow. As the sample is heated it will start to
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Growth # 1 2 3 4 5 6
TMB (sccm) 200 200 200 200 200 200
CH4 (sccm) 25 16 16 16 16 20
H2 (sccm) 500 16 184 100 100 5
Power (kW) 4 3.5 1.6 1.6 1.9 1.9
Pressure (Torr) 80 100 130 140 5 150
Temp (C) 800 ? 700 990 1100 1000
Time (min) 120 60 120 120 120 120
Sheet Resistance (kOhm) 100 20 45 11 0.02 0.1
Table 4.1: Growth paramaters for growing Heavily boron Doped Diamond
radiate light, the peak wavelength of the light will be proportional to the temperature
of the sample, when the temperature of the sample matches that of the the spiral the
spiral will disappear from the view of the experimenter. This was not possible for these
growths, this meant using a dual wavelength pyrometer with a larger spot size then
the sample. This combined with assessment by eye of the colour of the diamond as it
heated up. We then optically assessed each growth, looking at the colour across the
substrate. An estimate of the sheet resistance was taken by probing with a multimeter
and then used a microscope to look for growth defects which would indicate that the
alpha parameter was off and that growth was for example preferentially occurring along
the 111 crystallographic plane.
Taking an example of 6% methane in a feed gas, the B/C ratio in gas phase was
calculated using following procedure: the number of boron atoms (twice the B2H6
concentration in ppm) divided by the number parts of carbon (which will be 6/100 for
6% of CH4 flow). So depending on the B2 H6 flow (sccm)out of the total flow (sccm)
in the reactor, the amount of B2H6(ppm) in the feed gas can be determined.
For conversion of standard cubic centimeters per minute (sccm) to parts per million
(ppm), suppose total flow of gas is 400 sccm which is distributed into 106 parts, so if
0.6 sccm of diborane (B2H6) which is diluted in hydgrogen to 10% is used, then only
0.06% of B2H6 is only going into the feed gas hence from unitary method we have 400
sccm = 106 (1 million parts), 1 sccm = 106/400 ppm (parts per million). Therefore,
0.06 sccm of B2H6= (106/400)x0.06 ppm = 150 ppm.))
Growth 5 would ultimately be the best growth and of high enough quality to do a
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Figure 4.2: Optical picture showing the colour difference between the thick film (left)
and thin film (right). Boron concentraton is shown to be in the same order of magnitude,
the differenc being the right sample has a delta layer a few nm thick and the left sample is
bulk doped for several micometers.
lot of novel science with. It would be code named Sup1. It was grown for 120 minutes
at 150 Torr with the gas phase being approximately 60%tmb and 5% methane, 1.9kW
of microwave power was used to generate the plasma. The temperature was measured
with a Williamson dual wavelength pyrometer, the stable temperature was measured
to be approximately 1000C. Under these growth conditions it is expected that growth
rates would vary between 1-10µm an hour [86]. The uniform deep blue colour Fig. 4.2
shows that the film is thick, diamond becomes more blue as the boron incorporation
increases. In Fig. 4.2 the crud around the edges of the sample on the right is underneath
the sample and comes from carbon tape which has been used to attach the sample to
a microscope.
Under an optical microscope as shown in Fig. 4.3 and 4.4 the quality of the diamond
surface can be clearly seen. Although there are twins and other growth defects the
surface as a whole shows only nm scale roughness. The growth defects are interesting
in that they appear to be atomically flat, with growth along crystallographic planes.
From this it is possible to see the miscut angle of the substrate.
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Figure 4.3: Mirograph of thick BDD film, showing flat looking areas as well as other
features, for a thick film this looks like a low defect denisty.
58
4.2 Experiment Details: Growth Of Thick Heavily Doped Single Crystal
Diamond
Figure 4.4: Image taken on microscope with cross polarisors. This shows very flat growth
zones as well as what could be nm scale thickness variations in the thick BDD film
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Figure 4.5: Raman spectrum from 532nm excitation of (top) delta doped diamond and
(bottom), thick boron doped epi layer.
4.3 Characterisation of boron Doped Diamond Growth
SIMS and Raman spectroscopy can be used together to give information on the quality f
teh diamond crystal and the absolute thickness and doping densities of the the diamond
films. Raman Spectra were taken on a Renishaw system with a 532nm laser the diamond
zero phonon line (ZPL) is a sharp peak at 1332 cm−1, this intense feature is an indicator
of high quality single crystal diamond with little graphitic diamond content.
To quantitatively measure both the level of dopant present in the diamond as well
as the thickness of both the nominally thin and thick boron doped diamond samples
SIMS measurements were carried out at Loughborough Surface Analysis Ltd by Alison
Chew with assistance from the author.
The samples were coated with a gold layer to minimise potential sample charging.
The samples were analysed using O+ primary ion bombardment and positive sec-
ondary ion detection to optimise the sensitivity to boron and nitrogen. High mass
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resolution conditions were used to allow the 14N signal to be separated from inter-
ferences such as 12CH2 and 13CH. The data were quantified using reference samples
of boron in diamond and nitrogen in diamond. The depth scales were determined by
measuring the sputtered crater depths using a Dektak 6M. 18O is used to get the best
sensitivity to N in C. When 18O is used it is reasonable to hope to measure down to
116 atom cm−3 nitrogen, but if 16O is used then it is much higher. For the boron layers
the extra sensitivity was not required. If a mass resolution of 250 is used then that
means adjacent masses can be resolved, so 12C can be differentiated from 13C or 11B
from 12C. But, when looking for N in C an interference from 12C + H2 and 13C +H
can be assumed in the 14N signal. They are all nominally mass 14 but in fact 12C H2
is 14.01565, 13C is 14.01118 and N is 14.00307, so in this case higher mass resolution
is used to separate these species out.
Primary ion species O2+
Primary ion energy 10keV and 15keV
Primary ion current 200nA to 1µA




Contrast aperture No 2 and No.3
Mass resolution 250 and 3000
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Figure 4.6: SIMS for thick boron doped epilayer, showing a semi-infintie heaily boron
doped epilayer
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Figure 4.7: A plot of the boron profile of an example delta layer measured by ERDA
showing a full width at half maximum of 1 nm. Solid line represents a Gaussian fit to the
measured data, the boron from depth < 0 nm is a measurement artifact. This measuremnt
was taken on a sample frown at the same time and with the same processing and supply
chain as the delta layer sample use throughout this work. Taken from [7].
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Diamond as heavily doped as Fig.4.6 and Fig.4.7 should be show superconductivty
[78][79]. However nano-metrically thin epilayers such as Fig.4.7 have not been shown
to undergo a superconducting transition, this means that at least above normal helium
temperatures there is some significant process that suppresses superconductivity in a
near 2D thin boron doped diamond film.
ACMS is a powerful non-destructive tool for investigating superconductive mate-
rials, as a material undergoes a phase change to a superconducting state the material
must ultimately change to being a perfect diamagnet χ′ = -1, the onset of a non zero
χ′ is taken as the upper superconducting transition temperature. The measurement is
taken in a quantum design physical properties measurement system (PPMS) applying
a 3567Hz AC field of 13Oe. The samples were cooled to 2K in zero field and then
measurements were taken as the sample warmed up.
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Figure 4.8: ACMS Spectrum for thick highly boron doped diamond showing a large
phase change around 8K. This sort of change towards a negative magnetic susceptibility is
indicative of a transition from a normal state to a superconducting one.
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Figure 4.9: ACMS Spectrum for thick highly boron doped diamond showing an inflection
and reduction in noise around 100K, some papers use small changes like this to suggest
superconductivity. This thesis does not make that claim, however it is probably indicitive




In Fig. 4.5 it is clear that both samples show a large narrow 1332 cm−1 peak as well
as the second order diamond peaks between 2070-2700 cm−1 [87] which indicates both
samples are high quality diamond. The thick layer also shows several features typical
of heavily doped diamond the shoulder at 1460cm−1, the features between 450-1300
and the Fano line shape of the ZPL. The Fano lineshape is an assymmetry casued by
interference effects between the phonon spectra and the electron-hole pair excitation
spectra and is indicitave of BDD that is degenteraly doped and should show super-
conductivity at sufficiently low temperatures [88] [89]. The delta layer does not show
these Raman features. This is attributed to the significant thickness difference between
the doped regions and the sampling volume of the Raman process. The 532nm laser
excites down through at least 13µm of material. The SIMS measurements show that
the doping levels are around the level of the Mott transition in diamond [7] and that
the thick sample is around 3µm thick and the thin ′delta doped′ sample is metallic for
just over 1nm. In Fig. 4.8 it is clear that the sample undergoes a large phase change
around 8.4K, this on set of a non zero susceptibility is indicative of a transition to a
superconducting state. [90]. This would place this sample with the best singlecrystal
diamond samples in terms of superconducting transition [66]. There are other features
visible in the real part of the susceptibility Fig. 4.9 but interpreting them is extremely
difficult. More studies are required to fully understand these figures.
4.5 Conclusions
A recipe for growing thick heavily boron doped films of very high quality was devel-
oped. Using a range of characterisation methods the quality and thickness and doping
concentration of the film was determined and compared to a nanometric thick film.
Comparable boron concentrations were measured but with the film thickness’s differ-
ing by several orders of magnitude. These high quality films were then subjected to
non invasive tests that suggest a superconducting transition for the thick film at ap-
proximately 8K, a high temperature. The thin film does not show this behaviour at
temperatures reachable by most dilution refrigerators. This suggest that although the
doping levels are measurably comparable there is some difference in the physics of how
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the two systems behave at low temperatures. These boron doped diamond epilayers





Thin and Thick Boron Doped
Diamond Films with x-rays
5.1 Introduction
Angle Resolved Photo-emission, ARPES with soft x-rays is a very sensitive probe of the
first few atomic layers of a crystalline structures. ARPES is a surface science technique
capable of giving considerable information about the electronic structure of a material.
Extensive synchrotron-based x-ray experiments are presented, combining data taken
at 4 different synchrotrons over 5 different beam times. It is shown that boron doped
diamond maintains bulk-like electronic properties even when the doping distribution
(1020B/cm3 peak doping level) is reduced to a few nanometres FWHM. Experimentally
measured electronic band structures of unprecedented resolution across a wide incident
photon energy range are presented.
Accordingly, we confirm that certain fundamental crystal properties of diamond
hold true to our samples and investigate if there are any emergent quantum effects
present when the doping is confined to a near atomic layer.
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Figure 5.1: (a) LEED for sample Sup1 (b) LEED for sample S07 (c) relative orientation
in real space to probe along the same symmetry axis in k-space
5.2 Using Angle Resolved Photoemision Spectroscopy to
Probe Diamond’s Band Structure
In Fig. 5.2 the electronic structure of the thick film of boron-doped diamond is shown.
This is the same sample as described in the previous chapter of this thesis. The ARPES
measurement has been performed at a photon energy hν = 170 eV along the direction of
the BZ indicated by the green line in the inset of Fig. 5.2. The crystalographic direction
for each sample is checked using low-energy electron diffraction (LEED). The sharp 1x1
LEED pattern in Figures 6.1a, 6.1b tell us that we have a clean high crystalline quality
diamond surface. As we kept the anneal temperature bellow 1000K the bare diamond
surface should not have been exposed and the surface reconstruction is probably due to
hydrogen forming dihydride moieties[73]. The rotation in the LEED pattern suggests
that the edges of the element6 substrate are 45 degrees rotated from the Russian sample
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S07 shown in Fig. 5.1b.
The ~kz position of the data acquisition could then be determined following Ref. [76].
Our determination of the ~kz position shows a departure from Ref. [77], for which ARPES
measurements for a similar system and at a similar photon energy were performed. In
Ref. [77], the authors claim to measure exactly from a cut through the Γ point of the
bulk BZ, however according to our measurements it is not clear the exact photon energy
for which this condition is realized, because of uncertainties arising from the strongly
varying matrix elements in this system. Moreover, from the trend observed in the data
of Fig. 5.3, it seems that the electronic dispersion reaches its minimum value of binding
energy (upward in our energy scale) below hν = 155 eV. However, apart from these
differences observed between our work and Ref. [77], the agreement with the data of
Ref. [77] is overall good.
The bulk boron-doped diamond electronic structure reported in Fig. 5.2 reveals
three bands. The band dispersions are indicated by the schematic bands labeled as ‘A’,
‘B’ and ‘C’ (red, yellow and green curves respectively), overlaid on the experimental
data. ‘A’ crosses the Fermi level (EF ) and is therefore responsible for the metallic
character of the sample. Such a metallic character is in agreement with our preliminary
transport measurements and with Ref. [7]. The electronic structure of Fig. 5.2 is also
in agreement with the soft-X-Ray ARPES measurements and theoretical calculations
reported in Ref. [35]. Two additional horizontal bands, ‘H1’ and ‘H2’, are visible at
higher values of binding energy. These bands are an artifact caused by the fact that
at the edges of the BZ the electronic states have an exceptionally high intensity and
such intensity spills into the whole BZ, resulting in seemingly dispersionless horizontal
features in the ARPES image.
Additional information about the electronic structure of the samples can be found
by collecting ARPES data at different values of photon energy, which in other words,
means collecting ARPES data at different values of ~kz. Mapping the electronic struc-
ture of diamond along ~kz is of interest for understanding the dispersion along this
direction and it additionally reveals the electronic dimensionality of the system: If the
electronic structure of a material varies with ~kz, then the system must be electronically
3D and conversely, if the system is seen to be dispersionless with ~kz, then it must be
electronically 2D. Varying ~kz (by varying the photon energy) is therefore a straightfor-
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Figure 5.2: ARPES measurement collected at a photon energy of 170 eV for a thick (>
1µm) boron-doped diamond film showing the binding energy (EB) dispersion as function of
~k||; the measurement corresponds to the band structure of boron-doped diamond acquired
along the green line shown in the inset representing the BZ of diamond. Three bands
(labeled as A, B and C) disperse close to the Fermi level (EF ), with ‘A’ crossing EF , hence
contributing to the metallic character of the sample. Additional horizontal bands (H1
and H2, see horizontal guide depicted by the dashed lines) are detected: These bands are
an artefact coming from the edges of the Brillouin zone, where the electronic states have
exceptionally high intensity and therefore such intensity can scatter across to the Brillouin
zone center.
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ward probe of the dimensionality of the electronic structure and has been successfully
used to study a wide variety of materials [76, 91, 92, 93].
ARPES measurements for photon energies 155 − 170 eV for a thick boron doped
diamond sample are shown in Fig. 5.3a. For this analysis, we chose the photon energy
range from 155 eV to 170 eV (which in ~kz is from approximately 6.4 Å−1 to 6.7 Å−1),
since at lower values of photon energy (from approximately 40 eV to 150 eV) the
intensity of the ARPES spectra is exceptionally weak (data not shown here). Using
photon energies from 155 eV to 170 eV we observe a strong change in the spectral
weight around the band’s center. At 155 eV, the intensity of the band around ~k|| = 0
is completely suppressed and smeared out with the background signal (see Fig. 5.3a);
on increasing the photon energy the intensity gradually recovers and is fully revealed
at 170 eV. We believe that the observed suppression of the spectral intensity is a
consequence of selection rules: transitions from an initial to a final state are dictated by
the availability of the final states and matrix elements, which determine the probability
with which these transition can happen [92, 94, 95, 96]. This is also suggested by the
fact that the different bands are not equally intense at one photon energy and that
when the photon energy is changed we can fully recover the band’s intensity [95].
In order to understand the dimensionality of the electronic structure we can extract
the spectral intensity along ~k|| at a certain value of binding energy from each of the
ARPES data of Fig. 5.3a (indicated by the horizontal green lines), which are all acquired
at different hν (and therefore ~kz). This allows us to build intensity ‘maps’ at certain
binding energy values, representing how ~k|| varies with photon energy. Such maps
are plotted in Fig. 5.3b for two chosen values of binding energy (EB = 1.6 eV and
EB = 2.0 eV; we chose these values of binding energy because here the bands appear
more intense, allowing for a better estimate of their positions). In these maps, 2D
electronic band structures would appear as horizontal, dispersionless features whereas
3D electronic bands would disperse with photon energy. In Fig. 5.3b, within the photon
energy range used, we could not observe any significant dispersion of the electronic
bands of thick boron-doped diamond. Thus, even though the sample is a bulk system,
its electronic bands seems to be electronically 2D. Summarizing; the electronic structure
measurements of thick boron-doped diamond confirm the metallic character of the
sample with bands crossing the Fermi level (Fig. 5.2 and Fig. 5.3), and our analysis
indicates 2D electronic behavior, even though the sample is a bulk system.
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Figure 5.3: ARPES data and dimensional analysis for bulk and thin films of boron-doped
diamond. a) ARPES measurements for thick and c) thin film (≈ 2 nm) diamond acquired
at different photon energies (hν) and through normal emission. Intensity map for b) thick
and d) thin samples, showing momentum distribution curves as function of photon energy.
Horizontal dispersions can be interpreted as 2D electronic states. The markers connected
by lines are the band positions extracted from fitting the bands. The measurements have
been carried out along the (001) crystallographic direction.
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Band Structure
Whilst there is a large volume of experimental and theoretical work on bulk boron-
doped diamond, focussing on the detection and understanding of the elusive electron
pairing mechanism responsible for bulk superconductivity [78, 79], very little is known
about the electronic structure of thin film boron-doped diamond. In Fig. 5.3c-d we
introduce this missing piece of information, presenting ARPES measurements for thin
film boron-doped diamond.
The ARPES measurements for thin boron-doped diamond, at first glance, appear
qualitatively similar to the thick film data. Within the photon energy range shown
(155 eV to 170 eV) we observe also a similar suppression of the spectral intensity, with
a similar recovery fully happening at photon energy 170 eV. From the ARPES data
of Fig. 5.3c, it is also clear that the thin film diamond has the remarkable advantage
over the thick samples of an increased sample quality: although the quality of the thick
system is good, as confirmed by the sharp and distinct features present in the ARPES
data, the crystal quality of the thin systems is even better, as demonstrated by the lower
background intensity in the ARPES measurements of Fig. 5.3c. The lower level of the
background intensity for the thin samples compared to the bulk counterpart indicates
a less significant contribution from electron-impurity scattering, which is ultimately
responsible for broadening the measured band structure, contributes to an increased
background signal in ARPES measurements and, crucially, supresses superconductivity.
It is also clear that the thin samples are very similar to the thick samples in terms
of the dimensionality of the electronic bands. As confirmed by the ~k|| vs photon energy
analysis in Fig. 5.3d, three bands can be observed, and all three show a 2D electronic
behavior, exactly as it has been shown for the bulk system in Fig. 5.3b. The strong
analogies between bulk and thin film boron-doped diamonds have been also quantita-
tively represented in Fig. 5.3b and Fig. 5.3d, where the bands are illustrated together
with their fits (markers plus lines; red for band ‘A’, yellow for band ‘B’ and green for
band ‘C’) 1. From the fit results, the three bands observed in Fig. 5.3 show a maximum
dispersion in momentum of ∆k|| ≈ 0.05Å−1 at EB = 2.0 eV, a small deviation value for
the photon energy range considered for this analysis. Therefore, within this uncertainty
(∆k||), a 2D electronic character can be assigned to both samples, irrespective of their
physical dimensions, meaning that the observed states are localized at the surface.
1The bands are fitted using Lorentzian curves convoluted to a Gaussian. The Gaussian accounts
for the finite experimental resolutions of the instrument
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Figure 5.4: ARPES measurements for thick and thin film samples at photon energy
170 eV, with red and blue schematics respectively overlaid to the data to track the electronic
dispersion. The dispersions are obtained by zooming in the dataset shown in Fig. 5.3. By
comparing the dispersions, the bands show differences in the values of their effective masses:
the thin sample supports higher effective masses than the thick samples (the electronic
dispersion looks wider in momentum space). We believe this to be caused by electron
correlations, playing a bigger role as the effective physical dimension is reduced.
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Band Structure
We have also conducted ARPES measurements of thin and thick boron-doped di-
amond at low photon energy (from 35 eV to 40 eV, see Fig. 5.5). As was the case
for high photon energy data acquisitions, final state effects and matrix elements are
favourable also in this energy range and allow for the detection of ARPES data with
high band-intensity/background-intensity ratio. We present low photon energy ARPES
measurements in Fig. 5.5, only for the thin boron-doped diamond sample; ARPES
measurements for the thick films show a similar behavior but with a slightly higher
background intensity.
We could observe 2D electronic structures (see Fig. 5.4) whilst within the high pho-
ton energy range, low photon energy acquisitions reveal additional 3D electronic bands,
as demonstrated by the ~k|| vs. hν plot of Fig. 5.5b, which shows bands dispersing signif-
icantly with photon energy. The fact that low photon energies reveal the 3D, bulk-like
nature of these samples and high photon energies do not, is another manifestation of
the unusual cross section of these materials. Whilst highly unusual, a similar situa-
tion has been reported for other highly doped systems, namely phosphorus δ-doped
silicon, for which low photon energies were necessary to access the electronic structure
of a buried layer [92, 97]. It is also very surprising that ≈ 2 nm films show bulk-like
3D electronic bands at all, as we observe in Fig. 5.5b, and that the bandstructure is
strikingly similar to the thick film counterpart. However, B-doped diamonds grown
on intrinsic diamonds are not expected to behave as metal/insulator interfacial het-
erostructures for which the wavefunction of the metallic state is essentially confined
entirely within the metal layer. In our systems, the B-doped diamond epilayer and the
intrinsic diamond substrate share several crystallographic properties, and only differ
in their B concentrations. Therefore, the wavefunctions in the doped region can be
expected to extend some distance into the underlying intrinsic diamond, leading to a
less abrupt confinement. The lengthscale of the confinement potential is defined by the
screening length, which depends on the (strongly varying) carrier density and for this
system can be expected to extend into the bulk several nanometers.
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Figure 5.5: ARPES spectra acquired at low photon energies. a) ARPES data acquired
for thin film boron-doped diamond from photon energy 35 eV to 40 eV. b) The bands which
disperse with photon energy (guide for the eye: green line) are evidence of a 3D electronic




So far, we have demonstrated that samples of thin and thick boron-doped diamond
are electronically very similar, despite the enormous difference in thickness. For both
thicknesses, the bands observed in the ARPES measurements seem to have the same
electronic dimensionality, they have a similar dispersion in energy and momentum
space, and both samples show a metallic character.
Although there are obvious similarities for the two systems, a closer inspection of
the ARPES data also shows significant differences in the systems’ effective masses. In
Fig. 5.4b the red schematic indicates the dispersion of the thick boron-doped diamond,
whilst the blue schematic indicates the dispersion of the thin one. From the thick to the
thin sample, a renormalization of the electronic structure can be observed, correspond-
ing to an increased value for the hole effective mass. In other words, the electronic
structure of thin film diamond appears significantly wider than that of thick samples
for the same values of binding energy.
The differences in the effective masses observed between thin and thick B-doped
diamond can be attributed to electron-electron interactions. Indeed, electron corre-
lations are expected to play a much more significant role in thin films than in thick
films [98]. In particular, for metallic systems, electron-electron correlations have been
demonstrated to induce a bandwidth narrowing and to increase the effective mass of
the electrons/holes when the dimensionality of the sample is reduced [98, 99, 100].
This picture finds full agreement with our data, where both a bandwidth narrowing
and an increase of the hole effective mass is observed (see Fig. 5.4b). In addition,
electron-electron interactions are expected to be significant in stabilizing the electronic
structures of superconductors and of materials which exhibit a MIT, and both of these
effects have been documented for boron-doped diamond [35, 63, 64, 65]. For systems
displaying these properties, in general, as the number of the effective dimensions de-
creases, even weak interactions break the quasiparticles into collective excitations and
we believe this is exactly the case for boron-doped diamond [98, 101]. In these terms,
thin film boron-doped diamond would constitute a perfect playground for exploring the
role of correlation effects and exotic physical phenomena such as superconductivity at






Diamond is desired as a material for high voltage, high frequency, high power active and
passive electronic devices because of its superlative materials properties [23], including
high electronic carrier mobilities[83] high breakdown field strength[103], high thermal
diffusivity[82], matrix for quantum devices, and diverse other optical, chemical, materi-
als properties[84]. However, a major barrier to exploiting diamond for active electronic
applications has been the lack of dopants with a sufficiently low thermal activation
energy barrier to create an adequate concentration of electronic carriers at room tem-
perature. While there are many known defect and impurity states in the wide bandgap
(5.45 eV) of diamond, several of which can act as donors or acceptors of electronic
charge, only boron [23] (creating an acceptor state) and phosphorous (creating a donor
state)[104] have been demonstrated as reliable dopants. Boron, the most commonly
used diamond dopant, has the smallest activation energy of 0.37 eV at low doping
concentrations (< 1017cm−3). This value still means that only a fraction of the boron
present is activated at room temperature, leading to relatively low concentrations of free
carriers. Increasing the boron concentration reduces this activation energy, and at ca.
5 × 1020cm−3 the metal to insulator transition point occurs[63] and a fully activated
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impurity band is formed via the quantum tunnelling of holes between neighbouring
boron acceptor states[31]. Unfortunately, as the activation energy of holes decreases
so does carrier mobility, not only because of the increased impurity scattering but also
due to the onset of a low mobility, hopping-like conduction. The resulting material is
one that has subunity carrier mobility and typical sheet carrier densities in excess of
that which are readily controlled by a typical field effect transistor (FET)[105]. In this
work we characterise boron doped diamond samples which show high Hall mobility and
derived sheet carrier concentration by introducing nanometre-thick boron delta doped
layers in to intrinsic or p-, type material (p- here defined as a boron concentration
of less than 1017cm−3) epitaxially grown diamond films with high mobility. A well
known solution to creating BOTH high mobility AND high carrier concentrations for
electronic materials in two dimensions is nanometric delta-doped layers[7]: nanometer
thick, heavily doped layers (boron in our case) adjacent to high mobility intrinsic or
p- material where a fraction of the carriers created by the heavily ionized dopant layer
reside in the adjacent high mobility layer. Similar two-dimensional carrier conductivity
has been observed on hydrogen terminated diamond surfaces with negative electron
affinity. These surfaces create a subsurface two-dimensional hole gas[106] by electron
transfer to adsorbates, but since they display stability issues, they will not be covered
in more detail in this thesis. The success of delta doping requires the epitaxial growth
of very thin (1 to 2 nm) heavily doped delta layer (preferably above the insulator to
metal transition, ca. 5 × 1020cm−3 for boron in diamond)[63] and abrupt interfaces
between the delta layer and the high mobility intrinsic or p-layer[107]. In addition, the
interfaces must be atomically smooth to minimize carrier scattering. Recent reports
from three experimental studies provide an in-depth discussion of their observations
and implications. Balmer et al.[7] interpret measurements on uncapped, surface boron
doped delta layers with a two carrier type model, but present no data showing the
expected enhanced mobilities and sheet carrier concentrations. They also point out
that mobilities measured by the Hall effect will overestimate the channel mobility in
a working device. Scharpf et al.[108] demonstrate a boron doped solution gated field
effect transistor based on an uncapped surface delta layer, with adequate sheet carrier
density, but a channel mobility of 0.1 cm2/Vs which they attribute to poor lateral ho-
mogeneity and interrupted morphology of the delta layers. Chicot et al.[109] present
results on buried boron doped delta layers of varying thicknesses ranging from<2nm to
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35nm which were capped with 30nm to 65 nm of undoped diamond. They also sum-
marize the published literature reports of mobilities and sheet carrier concentrations
along with their results (Ref.[109], Table IV), which are reproduced below. All of their
measured carrier mobilities were in the range of 1 cm2/V s to 4.4 cm2/V s which is
typical of bulk diamond doped above the metal insulator transition of 5 × 1020cm−3
. The desired values in delta doped layers are greater than 100 cm2/V s for mobility,
and > 1013cm−2 for sheet carrier concentrations. In this chapter, significant progress
in growth and characteristics of diamond nanometric thick delta doping with boron
is shown, demonstrating both enhanced room temperature Hall effect mobilities and
carrier concentrations over the previous experimental reports. The adopted approach
employs: ultra-smooth diamond substrates (Ra
Sa
< 0.3 nm) (Ra is the arithmetic av-
erage of surface profile along a line, and Sa is the average over an area), a custom
built microwave plasma assisted chemical vapor deposition (CVD) reactor with lam-
inar flow and fast gas switching[110], very slow growth rates, smooth epitaxial films,
and chemically gettering residual boron in the reactor when growing intrinsic/lightly
doped material by adding H2S to form gaseous boron sulfur compounds[111].
6.2 Experimental
The single crystal diamond substrates used in these experiments were type IIa (no
nitrogen detectable by IR absorption spectroscopy) obtained from New Diamond Tech-
nology (St. Petersburg Russia) and the Technological Institute for Superhard and Novel
Carbon Materials (Troitsk, Moscow, Russia). Their size was either 3×3×0.5 mm or
3.5×3.5×0.5 mm with major polished faces nominally (100). The samples displayed
little or no birefringence when viewed between crossed polarizers. These samples were
repolished mechanically to a surface roughness, Ra, of 0.3 nm or less, typically 0.1
nm over areas of 80×80µm for Sa, and lines of over 1mm for Ra, and then etched
in an inductively coupled reactive ion etcher (Oxford Instruments, Plasmalab 80) to
remove polishing damage in the top ca. 4-5 µm[112]. The CVD reactor was cus-
tom designed[110] specifically for the delta doping growths with nearly laminar flow
and rapid switching of the reactant gas mixtures to achieve abrupt interfaces. Typical
growth conditions employed a flow of 900 sccm hydrogen (Pd diffusion cell purified), 1.4
sccm methane (ultra-pure, 99.999%), 6 to 17 sccm of 0.1% B2H6 diluted in hydrogen,
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and 6 to 14 sccm of 0.1% H2S diluted in hydrogen. Typical growth rates were deter-
mined by SIMS-SP, to be between 30 and 90 nm/hour. The total gas pressure was 30 to
50 Torr and the microwave power was 1.5 kW. Transmission electron microscope (TEM)
images were recorded aligned to the diamond [110] axis. TEM sample preparation was
performed in a Helios FEI FIB. To keep the surface layer undamaged, it was coated
with platinum. TEM investigation was carried out on 300 kV FEI titan. SIMS-SP was
performed in an IONTOF TOF.SIMS-5 using Cs ions (1keV) for sputtering, and Bi ions
(25 keV) for probing. It was found out that for smooth (root mean square deviation
Ra < 1 nm) surfaces the use of 1 keV energy sputtering ions allows a depth resolution
of 1.2 - 2 nm for the investigated structures. Room temperature Hall measurements
were carried out in van der Pauw geometry after an acid cleaning process (boiling in
conc. sulfuric and nitric acids with added KNO3) known to leave oxygen moieties on
the diamond surface to minimize any contribution from a hydrogen surface conductive
channel. At Institute for Physics of Microstructures of the Russian Academy of Sci-
ences (IPM), indium Ohmic contacts were deposited at 180 degrees Celsius, not only
on the surface but also to the end pads. This provided satisfactory electrical contacts
to the delta layer with stable characteristics without additional annealing and allows
the Hall measurements with small errors. At UCL, Ohmic contacts were made with
silver epoxy annealed at 70 C. Measurements were made in a Lakeshore 7500 series Hall
effect probe system with a stabilized current source. Measurements were performed in
magnetic fields of up to 1 T with both polarities. UCL then fabricated Hall bars on the
reverse of the crystals. Photolithography was carried out using a Karl Suss MJB3 Mask
Aligner. The sample was masked with 500nm of Al and etched in a STS ICP dRIE in
an oxygen and argon plasma. Ti/Pt/Au contacts were then patterned to allow the de-
vices to be electronically addressed. This would enable a measure of the concentration
of bulk impurities and not irreversibly damage the delta layer side which was wanted






Figure 6.1: sample S16 is (a) masked with 500nm of Al (b) mesa is etched in RIE and
then Al mask removed. (c) After photo lithography, Ti/Pt/Au is e-beam evaporated and





































































































































































































































Crystallographic direction of growth is [001]
Figure 6.5: Transmission electron micrograph image of a focused ion beam thinned section
of a sample with a single ′delta layer′ sandwiched between intrinsic/lightly doped buffer
and capping layers on a single crystal substrate. The electron beam was normal to the
[110] crystallographic direction and the epitaxial growth direction was normal to the (001)
crystallographic plane. The annotation of the layer positions is solely based on the expect-
ed growth rates (see text for explanation).[22]
Examination of focused ion beam (FIB) thinned portions of one of our delta doped
samples by electron diffraction and transmission electron microscopy (TEM) confirms
the [001] direction of our epitaxial growth, as shown in Fig.6.5. It should be noted
that due to the epitaxial relationship, similarity in atomic numbers of C (12) and B
(13), maximum boron concentration of less than 0.1%, and lack of significant structural
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defects, the interfaces between the buffer layer, substrate, delta layer, and cap layer are
not visible in the figure. Shown in the figure are the positions expected for the epitaxial
layers based on the expected growth rates of each layer. At lower magnifications (not
shown) some additional contrast does appear in the delta doped area, probably due
to strain. The ultimate test of the success of delta doping has to be in electrical
measurements. We report here our initial room temperature measurements of carrier
concentrations and mobilities by the Hall effect (van der Pauw configuration) on the
whole samples containing single delta layers of thickness between 1.8 and 2.8 nm and
capped with a buffer layer. The results of measurements of the room temperature
Hall effect mobilities and carrier concentrations using the van der Pauw geometry of
our initial set of samples by 2 participating laboratories is reported in Table.6.1. Also
reported in this table are the published measurements of several previous experimental
efforts. The most notable thing is that the carrier mobilities of the samples grown in
this work exceed those of all the previous reports on similar samples by over an order
of magnitude (the non-italicised entries in Table.6.1), and the related resistances are
also over an order of magnitude lower. The italicised entries are for data which may
be compromised by contributions dominated by the bulk, lightly doped regions of the




Table 6.1: Sheet carrier concentrations, room temperature mobilities, and resistance of
the samples grown for this work and measured at UCL and IPM. Additional measurements
reported in the literature are also presented. Entries shown in italics are not directly
relevant as the conduction is likely dominated by the bulk p-buffer and cap regions based




Figure 6.6: Hall mobility derived from Hall effect measurements on top of sample S16
measured using VdP geometry. The sheet carrier denisty is on ploted on the right scale
with the points at each field strength connected by the dotted line. Hall mobility is plotted
to the right, in single unconnected points. The colour for each sample is consistant for
mobility and carrier concentration.
Sample-516-on-closer-inspec*on-
Figure 6.7: Hall mobility derived from Hall effect measurements on top of sample S16
measured using VdP geometry.
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Figure 6.8: Hall mobility derived from Hall effect measurements on sample S16 measured
on two different Hall bars (Each chip had 10-20 devices on it. The two devices measured
here were Hall Bar b3 and b4). Devices fabricated on bulk unintentialy doped substrate.
Lines are a guide for the eye towards averaged non-zero field Hall mobility.
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Figure 6.9: Carrier density derived from Hall effect measurements on sample S16 mea-
sured on two different Hall bars. Devices fabricated on bulk unintentialy doped substrate.




There are many parallel electrical conduction paths possible in a sample with a capped
single delta layer. These consist of conduction on the surface, in the bulk p-doped cap-
ping layer, in the heavily doped delta layer, in the p- layers on either side and adjacent
to the delta layer, in the bulk p- doped buffer layer, and in the diamond substrate. Sur-
face conduction is easily prevented by oxidation of the diamond surface, but all other
paths cannot be ignored. Conduction in the heavily doped delta layer is characterized
by low mobilities and high carrier concentrations, typically 3cm2/Vs to 5cm2/Vs and
1020 cm−3. Conduction in the CVD grown bulk p-doped layers should exhibit high mo-
bilities, greater than 1000 cm2/Vs, but low carrier concentrations. Conduction in the
diamond substrate may vary depending on the unintentional doping of the HPHT sub-
strate with B and N. Measurements on three substrates suggests that the background
boron level is not negligible. For Hall effect measurements with room temperature sheet
carrier concentrations near 1012 cm−2, the dominant conduction path is likely via the
high mobility bulk p- buffer and capping layers, while for carrier concentrations above
1014 cm−2, the dominant contribution is from conduction in the low mobility, heavily
doped delta layer. Hence, the region of Table.6.1 relevant to the enhanced mobility
and carrier concentration is the non-italicised entries between 1012cm−2 and 1014cm−2
sheet carrier concentrations. Note that almost all our initial Hall effect measurements
exceed the previously reported values by over an order of magnitude.
The Hall effect measurements presented here are encouraging indicators of the suc-
cess of this approach to growth of effective delta doped layers. Yet there is still much
work to be done to clearly demonstrate the enhancement necessary for functioning
active electronic devices. As pointed out by previous researchers, the Hall effect mobil-
ities overestimate the actual channel mobilities in a device[7]. We are in the process of
fabricating and testing Hall-bar structures to more precisely determine the local prop-
erties on a scale similar to a device structures. Measuring the temperature dependence
(activation energy) of the carrier concentrations will assist in identifying the conduction
paths measured by the Hall effect. We are also fabricating and testing various field ef-
fect transistor structures to determine actual channel mobilities, conductivity, and gate
pinch off. We view the successes presented here as just an initial step toward enabling
a class of active electronic devices based on the superlative properties of diamond. The
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great care in polish and quality control (selecting samples carefully after the polishing
step befor epi-layer growth) is probably key to the samples quality. Another key factor
is the quality of the HPHT substrate. This is a a brand new material produced in
Russia and has been shown to be very low stress and defect density, this most like




At the date of writing, the consensus within the diamond community is that delta-
doping of diamond has been has been a failure. The limitations of MEPCVD and
difficulties in doping diamond in general have meant that the enhancements to elec-
tronic transport through the reduction of one of the key dopant distribution length
scales has failed to materialise. Diamond has, however, continued to prove itself an
interesting material. For observing other quantum mechanically predicted phenomena.
Its high Debye temperature [113], in particular, makes it a good candidate for observing
such quantum phenomena without having to be at cryogenic temperatures [114] [115].
Pursuing a reductionist agenda, an attempt is made to physically and electronically
confine the carriers further both to make the ultimate classical devices and in the hope
of seeing quantised transport phenomena. This will push the technological limits to
produce amongst the smallest electrically addressable diamond devices to date.
There are many reasons to do as Feynmann suggested and look for room down at
the bottom. Not only does making smaller devices allow us to squeeze a higher density
of devices in a given area, but it allows us to build devices that utilise totally different
physics to operate. ′nanowire′ is a broad term that is used to define a wide variety of
systems. At least one physical dimension for the system will be measured on the order
of nanometres. This usually means a nanowire’s length to width ratio can be huge.
This very high surface area to volume ratio makes them potentially very sensitive to
changes in surface chemistry/physics [116]. Nanowires can be made from a metal, a
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semiconductor, an insulator or even an organic compound. Each of these material
systems will produce very different nanowires. Even within any given material system
a nanowire may be very different depending on whether the fabrication is bottom-
up or top-down. As a new unmeasured type of nanowire will be fabricated here it
is unknown exactly which superlative qualities or uses they will find in the future.
The motivation will be to first fabricate a lateral boron doped diamond nanowire and
then to electrically interrogate it. It may be assumed that these nanowires will be
extremely robust, both physically and electromagnetically, which should enable new
fast transistors and resilient sensors. The length scales for these devices, mixed with
diamonds unique physical structure could, also lead to the observation of quantum
effects even at room temperature [114].
The cornerstone of the process developed herein is the use of hydrogen silsesquiox-
ane (HSQ). This is a negative resist when exposed to an electron beam (from a pro-
grammable electron beam lithography system (EBL). HSQ will cross link after exposure
forming a non-stoichiometric silicon oxide film. This is useful as the selectivity of SiO
to diamond in an oxygen RIE plasma is good. The resist also allows for very high
resolution, single pixel lines (a single pass of the EBL, as it rasters around the patter,
this is essentially the resolution limit for any EBL). The HSQ is diluted in MiBK, which
is a solvent. It comes in 6
Although this work was conceived at UCL the first serious fabrication attempts
were attempted by the author with the assistance of collaborators at Yale University.
Unfortunately this was unsuccessful. The work is documented below as, although the
alignment method proved to be unsuccessful, it would be a more industrially scalable
approach then the ultimately successful route taken in the UCL cleanroom. The initial
approach was to mount the diamond die on a patterned Si wafer (shown in Fig.7.2)
the only subsequent difference in processing was in how the EBL machine aligned on
and between layers. The core of the solution found in the LCN clean room was to put
alignment marks on the chip itself and to change the design to allow more misalignment
tolerances.
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7.2 Fabrication of Nano Structured Diamond
7.2.1 Yale Approach
To prevent charging issues whilst exposing the first layer of the device (the HSQ mask)
the diamond sample was grounded by careful placement of conductive copper tape on
corners. This allowed for a uniform pressure to be applied, keeping the sample flat.
On the second layer (metallisation for contact pads and vias), when the substrate is
no longer conductive due to the RIE ecthing to define the mesa shaped devices, a thin
layer (<10nm) of Au was evaporated onto the PMMA stack. This acts as a Faraday
cage, stopping a build up of charge from causing the electron beam to be distorted. At
Yale samples were ultimately mounted onto the carrier wafer using a two part epoxy.
This was chosen as the diamond chip needed to stay perfectly fixed for a multiple layer
process to stand a chance of working. After Exposure the carrier wafer and diamond
would be developed in strong developer, dried (critical point drying was tried but saw
only a minor improvement in our achievable pitch) then etched in a 02 plasma, dipped
in HF rinsed, cleaned, coated in PMMA by-layer, exposed in EBPG (raith branded
100keV EBL at yale), developed again, metallised and then finally a lift off process as
shown in process flow Fig.7.1.
At Yale I was unable to see etched alignment marks on the delta doped diamond as
the E-Beam was fixed at 100kV and the contrast between shallow etched areas and the
conductive channels was insufficient. The contrast between any etched in feature and
the substrate is proportional to the energy of the incident radiation. At 100keV the
alignment marks in the diamond are not distinguishable from the diamond substrate.
This meant a different alignment procedure would be necessary. Metal alignment marks
could not be placed on the diamond as the clean room manager did not want metals
in the DRIE.
By using alignment marks on the carrier wafer it was hoped to achieve alignment
on the order of 100nm. This approach was also perused as it would be very industrially
scalable allowing for multiple samples to be placed on a single carrier wafer which would
be able to fit into an existing fab process flow.
The first step of the process was to understand the doses of electrons required to
get good definition of the mask, Fig.7.3 shows such a dose test. The proximity effect
resulted in each structure requiring different doses to come out as designed. Working
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Uncapped boron doped diamond delta layer. 
Delta layer 1-2nm thick.
Diamond RCA-cleaned, ozone treate.
HSQ then span on diamond to make thin homogenous film.
HSQ exposed to electrons from EBL.
Developed in MF-319.
Oxygen RIE to etch mesa isolated structures.





Bi-layer PMMA span on mesa
PMMA exposed and developed, producing an undercut
which helps in lift off process
~Ti/Pt/Au
Figure 7.1: General process flow for fabricating lateral nanowires in single crystal dia-
mond.
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#1 #2
#3#4
OUTER SET OF AM MARKS – LEDIT IS USING DIFF COORD SYST NOW!
Row identifiers –
increasing top to bottom
Column identifiers –
increasing left to right
Figure 7.2: LEDIT (mask design software) screen capture for the carrier wafer used for
off-chip alignment at yale. The position for the diamond is represent by the yellow square.
The circled features are pints used to automatically align writefields and subsequent layers.
out the optimal dose was time consuming as the doses required were so high. This led
to long write times.
The next step was to etch the diamond and HSQ mask in a fairly diffuse O2 plasma.
200 W rf power and 200W ICP power, with a pressure of 20 mT and a flow of 40 sccm.
After 1 min in this plasma 40nm of diamond had been removed with an unmeasurable
amount of HSQ being etched. This selectivity is remarkable. After the etch the samples
were soaked in 49% HF for 15 minutes to remove the HSQ mask. In between each step
the chip was profiled as can be seen in Fig. 7.5. Unfortunately the profilometer used
at Yale was very old and did not output data so only camera images of the screen are
reproducible, hence the poor quality of Fig. 7.5. It does however show a very high
selectivity and ultimate etch dept of 40nm for the mesa.
The next step was to spin on the by-layer PMMA and expose the metallisation
pattern.
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Figure 7.3: 4% HSQ, dose test. Numbers 900 - 5100 represent factors by which the dose
for each pattern is increased. Exposed using 100keV, Vistec EBPG 5000+, imaged on
Hitatchi SEM
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Figure 7.4: 4% HSQ Optimal doses are clear as there is a lack of scum in corners, the
pitch between features is small and the wires are straight. Moving from top left to bottom
left in a clockwise fassion: Double Gated nanowire,9-terminal nano-Hall bar, Single Pixel
ring, and nano-wire exposed using 100KV, Vistec EBPG 5000+, imaged on Hitatchi SEM
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(a) 40nm HSQ. 
(b) 80nm total, (HSQ + Etch). 
(c) HSQ Removed, 40nm Mesa Etch nanostructure 
Figure 7.5: Profiling the Mesa etch on delta doped single crystal diamond. Unfortunately
the profilometer used at Yale was very old and did not output data so only camera images
of the screen are reproducible, hence the poor quality. It does however show a very high
selectivity and ultimate etch dept of 40nm for the mesa. The labels at the right show the
noted down profiles.
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Figure 7.6: PMMA bilayer on 3.6mm2 diamond. Note the uniformity of the film and one
concentrated edgebead caused by off axis spinning
A 10/20/100(nm) Ti/Pt/Au stack was evaporated by E-beam evaporation using
standard recipes.
Fig.7.6 shows that lithography with a bilayer PMMA stack can be carried out across
nearly all of the the 3.6mm square samples surface. Fig. 7.8 shows the lift off looking
workable.
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Figure 7.7: Metalisation after lift off mis-aligned. Time ran out at Yale and I had to
start again, again at LCN on different machines
105
7.2 Fabrication of Nano Structured Diamond
Figure 7.8: Close up of metalisation after lift off on 3.6mm2 diamond with etched features.
Metal is Ti/Pt/Au stack. There are flags (folded edges on the metal), these are caused
by evaporating too much metal relative to the bilayer stack height. More imporatntly the
alignment is off, with the devices being covered by metal, the misalignment in this case
was only in the y direction. 106
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Sadly, I ran out of time at Yale and had to abandon this process as I no longer had
access to the equipment and aligning the first layer to a second proved to be just not
possible as seen in Fig.7.8
7.2.2 The UCL approach
The UCL clean room has a Raith 150-Two EBL system. This is a converted SEM which
does have some drawbacks but also results in a very adaptable, versatile system. The
drawbacks are that the writefield stitching is poor (compared to a purpose-designed
EBL such as the EPBG system at Yale) and the possible beam accelerating voltages
are relatively low, a maximum of 30keV. This results in lower beam currents and longer
write times. The achievable spot size is also slightly larger as the inciendent electrons
are absorbed closer to the surface producing more secondary electrons which can escape
and create proximity exposed regions. Also, general stability issues caused by vibration
and stray fields broaden the spot size. The positives are that the gun is capable of
producing electrons across a range of energies and the sample holder is easily adapted
to accommodate a range of sample shapes and sizes.
7.2.3 Electrically Addressable Diamond Lateral NanoWires and de-
vices
The first step in fabrication is as always to thoroughly clean the substrate using a
standard RCA clean. Next a bilayer of PMMA is span onto the chip and global and
local alignment marks are patterned. The global marks are placed towards the edge
of the chip and the local ones placed near features that will require a high degree of
alignment on subsequent layers. The chip is then placed in a thermal evaporator and
50nm of Au is carefully evaporated. The chip is then put in 1165 (a strong solvent) for
lift off. HSQ is then spun onto the chip and the second layer is exposed on the EBL.
This layer aligns to the first layer minimising stitching errors and ensuring the pattern
is as well positioned as possible. The sample is then developed in MF319, which, due
to the surfactant minimises surface tension. The sample is then exposed to an oxygen
plasma as descried in section 7.2.1 and then placed in hydrofluoric acid for 1 min to
remove the HSQ. Bi-layer PMMA is then spun onto the chip, which is subsequently
coated with a 5nm Au charge dissipation layer. This layer works as a little Faraday
cage, stopping charging from effecting the incoming electrons from the EBL. This is
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essential as most of the sample is now not doped and highly insulating. The sample is
now patterned to fabricate the contact metal. This layer is designed to be tolerant to
misalignment. The metal is then evaporated and lifted off.
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Figure 7.9: (a)Design showing NanoWire Single electron Transistor, single pixel lines are
used to define the nanowires and the in plane gates. (b) Design showing Mesa design, large
fan outs enable more tolerance for misalignment and larger surface are for metallisation,
charge is injected into the doped layer from an edge 1 µm across. (c) Design showing whole
SET; Mesa etch, Contact metallisation was realised the next steps would be a growing a
dielectric via atomic layer deposition (not shown for clarity)and depositing a Top Gate
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Figure 7.10: The first non-alignment layer of the sample is the HSQ after etching a lateral
structure will look like this. a) SEM of ring showing top down view of a ring with side
gates. b)AFM scan of Mesa etched ring. Blue colour is artificial to illustrate the surface
doped layer etch is approx 60nm deep. c) Close up showing wire thickness to be less then
15nm. d) SIMS profile showing dopant profile in z.
7.2.4 Fabrication
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Figure 7.11: Optical microscope image of mesa etched delta layer after HSQ has been
removed. Etch deth is 60nm. Au Alignment marks are used for aligning all layers, these
are the Au crosses. The automatic scan lines leave from the alignment procedure can be
seen as dark rectangles across the arms of the crosses.
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100µm
Figure 7.12: Bi-layer PMMA showing excellent alignment and visible undercut to help
with lift off. The undercut is visible in the contrast at the edges between the continous
film and the features
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20µm
Figure 7.13: Good clean lift off of Ti/Pt/Au contact no flags or other artifacts.
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Figure 7.14: Mesa etched delta layer after HSQ has been removed, patterned to a multiple
in-plane side gated nanowire FET structure. Imaging is challenging as the majority of the
substrate is not conductive and the wires are electrically floating. S is a source, D is a
drain, G1,2,3,4 are potential gates or physical tunnel juntions
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7.2.5 Electrical Characterisation of NanoWire and NanoWire Devices
7.2.5.1 Contact Resistance
-10 0 10 20 30 40 50
























Figure 7.15: By varying the legnth of a 1 µm wide mesa etched channel and measuring
the resistance for each chanel length we are able to work out the contact resisance. This
is the transmission line model.
Electrical characterisation was performed on an Everbeing EB-6 high precision
probe station using a Keithley 4200 semiconductor analysis system, connected by triax
cabling. From the transmission line the sheet resistance eq. 7.2 can be calculated to
be of the order of 20 kΩ. This is of the same order that measured on a wafer-scale two
probe measurement. So, with a device 1µm wide transport is not yet dominated by
edge effects.





7.2 Fabrication of Nano Structured Diamond
Rs = slope× widthΩ/




LT = 38400/2× 1.749210
= 1.0976µm
(7.3)
ρC = RC .LT .W




7.2.5.2 Results from a Single NanoWire




















Using Equation 3.5 the sheet resistance for the nanowire is calculated to be RS =
4.6962E6Ω/ This is an order of magnitude higher then the sheet resistance measured
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for a 1µ wide channel. This suggests the carrier mean free path is somewhere above
20nm and below 1µm.
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By careful process engineering, alingment of multiple layers with tolerences of a few
nanometers is shown to be possible (Fig.7.11, 7.12, 7.13). This enables us to build wires
and devices and electrically probe/manipulate them. Ohmic contacts are made to the
wires with contact resistacnces comparable to the literature for carbide-forming metals
[47]. These nanometrically small wires are shown to have Ohmic properties although
conduction is dominated by width of the channel, resulting in a large sheet resistance.
(Fig.7.16) shows clear modulation of the channel resistance and Fig.7.19 shows that
there is very little current leaking from the gates. The large voltages for switching are,
however, suspicious and no similar devices can be found by the author in the literature.
What can be said for sure is that these nanowires are capable of handling incredibly
high current density Fig. 7.17. Short channel effects (visible in Fig. 7.18) due to the
channel length being possibly similar in size to the depletion layer width of the source
and drain could be responsible for limiting the current handling. The current density
is at least of the order of 300A/mm2. This amount of current can be handled by the
nanowire with no noticeable damage (repeatable measurements over time suggest no
degradation) and is comparable to the breakdown currents reported for graphene nano-
ribbons and silicon nanowires [117], as well as being of the same order of magnitude as
reported current handling capabilities for carbon nanowires (106 − 108A/cm2).
7.3 Conclusions
Here it has been shown that highly doped nanowires still behave in an Ohmic way and
that some sort of field effect trans-resistance is possible. Also, these nanowires show a
very high current density handling capability, an important feature, as most nanowires
suffer from the effects of electromigration at significantly lower current values. Moving
the source and drain further apart may allow significantly more current to be carried
down such a wire without significantly affecting the resistance, which is probably dom-
inated by edge effects rather then by channel length. Having multiple wires may also
stop current crowding. Some progress has been made towards this but further optimi-
sation is required. This has proved difficult as each substrate currently requires dose
optimisation as each suffers from charging effects in a different way depending on the
doping level and quality of growth. By adding a charge dissipation layer above the
HSQ (not easy, as metal tends to react in direct contact to HSQ, so a soluble bi-layer
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will be required) doses should be normalised across all substrates.
Aligning to a carrier wafer would have allowed a process flow that could easily
be ported to an industrial fab. Redesigning the devices to allow more tolerance for
misalignment would make this approach feasible on a similar EBL system. It would
not, however, work on the Raith 150-two, as the drift and stitching errors would be
too large. It is demonstrated that very small features and devices can be fabricated
in diamond using a variety of electron beam lithography systems. Although there
are many challenges, proving this concept opens up a wide range of future projects
and prospects both on highly doped single crystal diamond and other similar material
systems. Fully understanding the results presented will require the fabrication of more
devices.
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8Summary The Future and Other
Work
The work contained herein, like most interesting science leads to more questions then it
provides answers. Following on from the novel processing and experimental techniques
developed I, colleagues and the diamond community will do a series of experiments
to further understand both the boron doped diamond system as a whole and the new
lateral nanowires specifically.
8.1 ARPES
Extending the range of incident photon energies will make it clearer if the non-dispersive
’2D’ features are real or just very flat bands. This data will be taken at an up coming
beam time all ready allocated at the Swiss light source. More careful analysis and more
data around the bulk gamma point will also be interesting as it is expected that this
is where any delta state should be.
8.2 Lateral NanoWires and Nano-Structures
More repeatable measurements in more varied experimental conditions should be car-
ried out to understand the physics of this system. Once we understand the nanowire
itself, it will be possible to move on to that sort of experiment on the nano-Hall bar,
followed by the other devices described. In particular looking at the affects of magnetic
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fields and low temperatures could be interesting. It should also be possible to reduce
NW width perhaps all the way down to single atom chains using STM lithography.
8.2.1 MultiGate and FinFet Structures
One interesting direction to take this type of nanowire for future work will be to make
the first FinFet type transistors in diamond. Some work was done to test the principle
and patterning procedures as shown in Fig. 8.1 and Fig.8.2.
Figure 8.1: Mesa Etched Delta Layer after HSQ has been removed, patterned to a
double nanowire for a mutiple FinFET structure, wide pitch would allow gate dielectric to
be conformall grown and result in lower leakage currents
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Figure 8.2: Mesa Etched Delta Layer after HSQ has been removed, wires between 15-
20nm wide at top of mesa.
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As can be seen in Fig. 8.2 more care is required in assigning doses to arrays of
lines. However due to time constraints this set of devices was metallised with the
intent of proving the concept. As not all the devices came out on this chip a cost
saving choice was made and chrome/gold was thermally evaporated rather then using
e-beam evaporated Ti/Pt/Au which is a significantly more expensive process. This still
made for Ohmic contacts Fig. 7.2.5.2, however it is probable that the series resistance
is significantly higher then if Ti/Pt/Au had been used.
Figure 8.3: Mesa Etched Delta Layer after HSQ has been removed, small amounts of
HSQ must have been over exposed. This results in significant masking in areas where the
proximity effect is largest
8.2.2 Aharonov Bohm Ring or Sqiuds
The high Debeye temperature of diamond also mean it is possible that quantum effects
may be visible at high temperatures. Signs of these are visible but not quite so visible
in the transport measurements but not so clear as to be reported here. Further mea-
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surements and fabrication is required to characterise the multi-nanoWire devices Figs.
8.1 8.2 as well as the Aharonov−Bohm ring Fig. 8.4.
Another interesting structure that I can pattern is an Aharonov Bohm Ring (see
Fig.8.4), this experiment will look for interference phenomena that may be emergent







Figure 8.4: Mesa Etched Delta Layer after HSQ has been removed, patterned to a
mutltiple in-plane side gated nanowire AB ring/FET structure. nano-grass is clear, this is
probably from metal sputtered from the metal alignment marks.
The Aharonov Bohm Ring is also similar to the superconducting quantum interfer-
ence device (SQUID), by slight changes to the design SQUIDS could be made using
the processes developed herein. With smaller weak links then previously reported.
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8.3 Diamond on Silicon Nano-Wires
A four inch SOI wafer was fabricated by me at Yale university under the supervision of
Mary Mu a PhD student in the Reed group (I didn’t have full unsupervised access to
their clean room at the beginning of my time there) following processes developed by the
Reed lab. I did however alter their masks in a subtle but important way after deciding
the real unique selling point of diamond was that we could use it as a passivation
layer. In the normal Si-NW (Silicon Nanowire) process only a small amount of the chip
would be left heavily boron doped. Metal contact pads and leads would break out and
onto these regions which would in turn contact to the active region of the device. My
adaptation was to run the boron doped channels all the way out to the contact pads.
The whole chip could then be covered in diamond. The diamond over the contact pads
could then be selectively etched away. These contact pads would be far away from
the device, far enough away that they would not need to be electrically isolated by a
passivation material which can cause problems for the stability and reproducibility of
a device.
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Figure 8.5: Previous Process flow developed by the Reed lab at Yale to produce Si
nanoribon ISFETS. Note the use of SU8 Pasivation. Repropuced with permision
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Figure 8.6: Modified Process flow developed by me in collaboration with the Reed lab at
Yale to produce diamond dielectric/passivated Si nanoribon ISFETS
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Figure 8.7: Modified mask for Boron Ion implatation, showing the countries of people
who have over the years contributed as well as a chip with multiple devices
Figure 8.8: Modified mask for Boron Ion implatation, showing complete 4" wafer
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8.4 Other on going or related Work
GreenDiamond- Power eletronics Resonant Inelastic Scattering X-ray Spectroscopy on
Diamond and Graphite, looking for Multi phonon scattering. Solvothermal production
of Nitrogen Doped Graphene from diamandoid precursors. ARPES on Phosorus Doped
Si. Hard X-ray ARPES on Capped Delta Layers. Cryogenic Temperature ARPES
on Delta Layers. ARPES on new single and multi-layer delta doped samples. UPS
investigation into co-doping of diamond with MgO and N. Grazing Incidence X-ray
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